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The aim of the research was to investigate ways to reduce the ratio of saturated to 
polyunsaturated fatty acids in beef and lamb and to study the consequences for meat 
quality, especially aspects which would be affected by higher levels of polyunsaturated 
fatty acids in muscle, such as shelf life and flavour. Within polyunsaturated fatty acids 
the aim was to obtain a favourable balance between the 1/-6 and n-3 families. The 
research involved collaboration with animal production institutes where studies of 
rumen hydrogenation of fatty acid sources has been undertaken and the animals reared. 
We also collaborated with Reading University to study the production of flavour 
volatiles. 
Manipulation of muscle fatty acid composition was mainly done by changing the fat 
source in the diet. Linseed was used as a source of a-linolenic acid and fish oil a~ a 
source of long-chain n-3 fatty acids. Breed effects were also examined, in both cattlc 
and sheep. A further dietary variable was the concentration of the antioxidant vitamin 
E. 
Following rearing, measurements were made of lipid oxidation, colour development. 
vitamin E concentration in muscles and the fatty acid content of phospholipids and 
triacylglycerols from different muscles. The responses of trained taste panel lists to 
cooked meats was measured and the generation of flavour compounds studied. 
The results showed that muscle concentrations of a-linolenic acid (C 18:311-3) and C2()-
22 n-3 polyunsaturated fatty acids could be doubled by including whole linseed and 
fish oil respectively in diets. These changes affected shelf life and flavour hut only 
when fish oil alone was used were these effects detrimental. The results also confirmed 
the value of including vitamin E in ruminant diets to extend shelf life. 
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REVIEW OF LITERATURE 
GENERAL INTRODUCTION 
The aIm of this research is to seek ways to improve the eating quality and hcalth 
attributes of beef and lamb in order to reverse the current trend of falling beel and lamb 
consumption. Areas of investigation include attempts to reduce the ratio of saturated 
fatty acids (SFA) to polyunsaturated fatty acids (PUFA) and increase the amount of II-.~ 
PUFA in meat by nutritional treatment. The effects Oil meat quality arc then sluLiil.'(i, ill 
particular the effects on shelf life and flavour resulting from changes in fatly acid 
composition. Increasing the PUFA content can increase the rate of lipid oxidation. this 
is one of the primary causes of loss of quality in meat and meat products during storage. 
Red meat has gained a poor health image mainly because of its rat content both in ILTIl1'-
of quantity and fatty acid type. The main reason for the decline in the consumption of 
beef. pork and lamb is related to health attributes. Fish and chicken meat ha\e Ill\\er 
total lipid percentage than beef, lamb. and pig meats and their consumption has not 
fallen so much. 
It is well accepted that the intake of excessive fat, over requirement. is an important risk 
factor for cardiovascular disease, hypertension, stroke, diabetes. and certain IYPL'" llf 
cancer. In addition, more fat gives more energy. excessive caloric intake llla) 
contribute to obesity and there appears to be a linkage between obesity and Coronary 
Heart Disease (CHD). The type of fatty acid is important because SFA raise blood 
cholesterol and PUFA lower it. Also 11-3 PUFA reduce blood clotting while 11-0 Pl q.':\ 
increase it. 
One aim of modern animal production systems should therefore be to prOllucL' nlL'at 
which has less saturated and more unsaturated fatty acids and more 11-3 PUFA relati\c 
to 1/-6. It is possible to achieve this because the fatty acid composition of muscle and 
fat tissue lipids can be changed by dietary manipulation. 
This project investigates the possible nutritional and genetic opportunitics fur 
improvement of meat quality, the main objective being "to determine the rate and ntL'l1t 
of muscle and fat tissue triacylglycerol (TAG) and phospholipid (PL) fatty acid change,> 
following consumption of diets containing graded levels of C 18: 211-6. C I ~:-'Il--', 
C20:5n-3 and C22:6fl-3 PUFA". Sources of these fatty acids include fresh or dried 
grass, bruised linseed and fish oils. The desired final P:S and 11-0:11-3 fatty acid ratio" ill 
the meat are 0.4 and < 2.0 respectively. The aim is to balance increases in IlIL'at health 
aspects against possible reductions in quality since long chain PUFAs arL' I1HHl' 
sensitive to oxidation and can elicit undesirable flavours on eating. MeaSLIrl'llIcnts on 
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steaks include fatty acid composition, taste panel scores, and vitamin E and colour 
stahility during storage under retail conditions. The colour of pre-packaged fre."h llll'al, 
and more particularly its colour stability is the most important quality attrihull' 
contributing to the shelf-life. The consequences of changed I11usck lipid fatty acid 
compositions on meat quality following different conditioning times and simulated 
retail display and other quality aspects include eating quality. especially flavour. mLlsck 
colour were observed in this study. 
The second part of the thesis was the use of raised dietary vitamin E levels in cxtcl1liing 
shelf-life in steaks from m.longissimus dorsi (LD) and psoas muscles packaged in 
different ways and to evaluate the effectiveness of vitamin E in preventing oxidation of 
tissue PUFA in muscle lipids following consumption of different diets including lin"ccd 
and fish oils. 
The effects of vitamin E supplementation for 154 days was studied to measurc ih 
accumulation and depletion in muscle tissue. 
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CHAPTER! 
CORONARY HEART DISEASE, 
THE DIET, DIETARY 
GUIDELINES 
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CORONARY HEART DISEASE, THE DIE'1: DIETARY GUIDELINE.',; 
Diet contributes to the development and, conversely, the prevention of coronary heart 
disease (CHD). This section will discuss the relationship between diet and CIID in the 
light of dietary guidelines. It also provides general information about CHD and Ih 
mortality. 
1.1. Coronary heart disease and mortality rates 
Cardiovascular diseases (CYD)-CHD and stroke- arc the major causes of death in men 
and women, and are major causes of morbidity, in the population of the llnited 
Kingdom (UK) (Table 1.1.) and other industrialised countries (COMA, 199-J.). 
CHD and stroke are also important causes of premature (i.e. before age (5) mortality, in 
men, CHD caused 37% of deaths in the 55-64 age group in 1990. Wi( of all ll1ale 
deaths and 2% of all female deaths are due to premature death from CHD (COrvl;\, 
1994). 
Table 1.1. Distribution of deaths by selected cause (%). United Kingdom 1990. 











Source: e)pcs (Office of Population Censuses ami Surveys. Mortality Statistic~) (Il)l)()). 
1.2. Causes of coronary heart disease 
In early studies, a large number of so-called "risk factors" were found with regard to tIll' 
danger of suffering from cardiovascular disease (Yudkin and Morland, 1967, Keys l'I 
al., 1971, Yudkin, 1972, Reiser, 1973, Keys et al., 1974, Reiser, 1974, Yudkin, 1975, 
Mann, 1977, Anonym, 1978). The causes ofCHD are multi-factorial (COMA, Il)()-J.) 
as shown below. 
1.2.1. Plasma cholesterol 
Numerous studies have shown a strong, positive relationship between plasma total 
cholesterol and risk of CHD. This is discussed more fully ill section IA. Sillhl!1.~ 
(1986) reported in thc cross-cultural studies that the higher the average pla~l1la 
cholesterol in a population, the higher the mortality ratc from CHD. 
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Kannel et a/. (1979) (Framingham Study) and Stamler et (II. (l<)g6) (thl' l11ultipk rt.~K 
factor intervention trial) have also clearly established the relationship between ek"atcd 
plasma cholesterol levels and an increased CHD risk. A 1 per cent lower plasll1a total 
cholesterol translates into a 2 to 3 per cent lower risk of CHD. 
However, although a relationship between plasma total cholesterol and cardiovascular 
and total mortality is seen in many studies, there is no consistent indication 01 
decreased mortality rates in populations with low or average blood cholesterol. 
What is clear is that an elevated plasma cholesterol is an independent risk factor for 
CHD and that interventions to reduce an elevated Icvel constitute a reasonahle approach 
to reducing the incidence of CHD in the population. 
It should be kept in mind that measurement of plasma total cholesterol levcb prmidL'-' 
only a partial evaluation of the CHD risk profile since plasma cholesterol levels arl' 
determined by various types of lipoproteins (sec section 1.3.), which have hoth 
atherogenic (low density lipoproteins, LDL) and antiathcrogenic (high den-.ity 
lipoproteins, HDL) effects (Gordon et aI., 1977). Increasing levels of plasma high 
density lipoprotein (HDL) cholesterol is associated with a decrcased risk of death from 
CHD in wcstcrn populations. 
Table 1.2. Glossary of terms associated with CHD 
Mortality rate: total number of persons dying of a discase in relation to 
defined units of the population and time 
Morbidit\': ill hcalth due to disease 
Atherosclerosis: disease of arterics, including thosc supplying the heart 
muscle, in which fatty fibrous plaqucs develop on thc inner walls of the 
artery. 
Atherogenic: factors which cause atherosclerosis. 
Lipoproteins: lipid-protein complexes in which cholesterol, triglycerides and 
other substances are transported in the blood. 
Apoprotcill: the protein moiety of lipoproteins 
CVD: relating to heart and blood vessels. 
Cholesterol: substance found in cells of the body, which helps to carry fats. 
An individual with a low total cholesterol level may be at increased CHD risK dul' 10 a 
high LDLlHDL ratio while another individual with an elevated plasma cholestL'rol level 
may actually be at low risk by virtue of having a low LDLlHDL ratio (Abhott (" 1// .. 
1988). In addition to the importance of the LDLlHDL ratio in determining CHD riSK. 
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recent studies have indicated that a number of lipid related mea~Llres, .'>Llch a\ 
apolipoprotein levels, are important determinants of CHD risk (Wallace and Ander~ol1, 
1987). 
An elevated plasma cholesterol level not only has a significant impact on CHD risk in 
its own right hut also exacerhates the effects of other risk factors. As shown by data 
from hoth the Kannel et al. ( 1979) and Stamler et of. ( 1986) studies, the presence of an 
elevated plasma cholesterol level along with cigarette smoking, high blood prc.-.;sure, (lr 
both of these major risk factors, results in a pronounced increase in CHD risk. 
1.2.2. Obesity 
Ohesity is one of the most easily recognised and commonest causes of ill hcalth and i-.; 
hest defined as an excess storage of fat in adipose tissue. Accumulations of blood lipid. 
or hyperlipidemia, often accompany obesity and can be a major risk factor for heart 
disease particularly CHD (WHO, 1990, Garrow, 1991). The distribution of fat ahllut 
the body also influences risk. For example, excessive abdominal fat is associated with 
greater risk of CHD (Larsson et al .. 1984, Ducimetiere et al., 1986). In addition to its 
role in cardiovascular disease, the incidence of diseases such as diabetes, respiratory 
disease, gall bladder disease, hypertension, osteoarthritis and even SOIllC types of 
cancers is higher in obese people. 
1.2.3. Blood pressure 
Stamler (1989) reported that systolic and diastolic blood pressure arc directly related to 
the risk of CHD and stroke. High blood pressure increases the risk of stroke and CHI). 
and sustained reduction of raised levels lowers the incidence of both conditions (Collins 
el al., 1990). MacMahon et al. (1990) reported an overview analysis of 9 prospcctJ\e 
studies, which together followed about 420000 adults (96% men) for an average of I () 
years and showed the relation between CHD and stroke incidence with diastolic blood 
pressure to be linear. 
1.2.4. Cigarette smoking 
The mechanisms by which cigarette smoking promotes CHD arc uncertain. Howcvcr, 
Reid et al. (1976) reported cigarette smoking is powerfully associated with all fonm or 
acute CHD and stroke (Bonita et al., 1986, Marmout and Poulter, 1992) inclLldin~ 
peripheral vascular disease (Kannel and McGee, 1985) in both sexcs. 
Meade et al. (1986) reported that smokers have a higher plasma fibrinogcn 
concentration than non smokers and, a high plasma fibrinogen is a strong prediL'lor or 
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risk of acute coronary events (Wilhelmsen, 1984, Meade £'1 al.. 198b, KannelI'I ii/., 
1(87). Smokers also tend to have a more unfavourable diet and plasma lipoprolL'ill 
pattern than non-smokers, with relatively low HDL cholesterol and high triglyceride 
concentrations. 
1.2.5. Alcohol 
In studies by Stampher et al. (1988) and Rimm el (II. (1991), alcohol intake \\/<1.\ 
associated with a substantial reduction in risk of CHD. However, alcohol can adversely 
affect cardiovascular disease through its effect in raising blood pressure at intakL's 
above about 35g of alcohol a day. This could, in part, account for the increased risk of 
stroke. At higher levels, alcohol is associated with cardiomyopathy. As Marmot and 
Brunner ( 1991) concluded the balance of risk and benefit is against recommending tilL' 
public to consume alcohol to lessen the risk of CHD. 
1.2.6. Physical activity 
Physical inactivity is linked to an increased risk of CHD (Allied Dunbar, 1002). 
Simple forms of exercise like walking, cycling and swimming are likely to be ctlcctivc 
in decreasing risk of CHD. Powell et al. (1987) pointed out that the relative risk or 
CHD from inactivity appears to be similar in magnitude to that from hyperten-;ioll. 
hypercholesterolaemia and smoking. Morris et al. (1980) reported that individuals 
taking vigorous exercise had a lower risk of fatal and non-fatal heart attacks. The 
mechanism by which exercise might help protect against CHD may involve effects on 
coagulation and thrombosis as well as influence on lipoprotein metabolism (Andrew. 
1986). 
1.3. Role of cholesterol and its role in lipid metabolism and transport 
One of the main role of cholesterol is helping to carry fatty acids which are produced 
when the lipids are digested in the gut to their component parts e.g. fatty acids and 
glycerol. 
After absorption, triacylglycerols are reassembled and transported in the blood ill 
specialised proteins called lipoproteins (lipid plus protein). The protein serves both to 
'solubilize' the lipid and to provide a means by which the particle is 'recognised' by 
various tissues. In this way, lipid metabolism can be directed and controlled. In the gut 
wall, most dietary lipids are incorporated into large triglyceride-rich lipoproteins called 
chylomicrons that are rapidly removed from the circulation mainly by the fat cL'lIs ill 
adipose tissue. A protein on the surface of the chylomicron activates the en/yllll', 
lipoprotein lipase. Fatty acids are then released from the triglyceride molecules in thL' 
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chylomicron, arc takcn up hy thc fat cclls and thcn rebuilt into storagc fah or u\l'd lor 
cncrgy (Numa, 1984, Harwood, 1988, Gurr and Harwood, 1996). 
The liver can synthesise fat from carbohydrates and export them into the blood in the 
form of triglyceride-rich particles (very low density lipoproteins, VLDLL particle.,> 
which arc somewhat smaller than chylomicrons to supply the tissues. 
Hydrolysis in thc tissues releases fatty acids from triglyceridcs and produces c1lOksterol 
rich particles (Low Density Lipoprotein, LDL). LOL particles have a protein on their 
surface called apoprotein B or apoB. This protein is 'recognised' by a receptor on the 
surface of the cells of various body tissues. It fits the receptor rather like a key fits into 
a lock, the LDL particles are then taken up into the cell where they are abk to ret!ulalL' 
the cell's own capacity to synthesise cholesterol (Goldstein and Brown. 1977. The 
British Nutrition Foundation, 1992a). The cells are ahle to make or destroy receptor~ 
continuously to comply with their demands for lipids. The liver is particularly rich ill 
LDL receptors. Increasing dietary intake of saturated fatty acids of chain lengths 12-16 
appears to down-regulate the activity of these receptors. 
Cholestcrol in excess of cellular need is transported to the liver in a process called 
reverse cholesterol transport. High density lipoprotein (HDL) appears to act as a 
primary acceptor of tissue cholesterol and transfers it from the periphery to the liver for 
disposal. Like other lipoproteins, HDL have a characteristic protein, in this ca\e 
apoprotein A or apo A. 
Imbalance in the system, as yet inadequately defined, may lead to the uptake of LDL 
cholcsterol by a non-saturable "scavenger" receptor on blood cells called macrophages 
in the vascular wall. This process may require prior modification of thc LDL. 
Sometimes LDL are altered chemically (e.g. by oxidation of the PUFA within them 
which then causes modification of the apo B), which might be a key initiating stagl' in 
the development of atherosclerosis and CHD (Steinberg et (II., 1989. The British 
Nutrition Foundation, 1992a). 
1.4. Lipid theory and cholesterol levels 
There have been numerous studies concerned with cholesterol levels and CHD (Keys ('/ 
al., 1957, Ahrens, 1976) and many review articles (Simons, 1986, Kannel l't ({I .. 197 1) 
(Framingham Study) and Stamler et aI., 1986 [the multiple risk factor intervention 
trial]) as mentioned in section 1.2.1. 
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In the past CHD has been attributed to the "Lipid" or "Diet-Heart Theory". Thi~ 
hypothesis, stemming from the work of Keys and Ahrens and their colleaguc." in the 
1950s, has provoked considerable controversy. This theory purported bricl"ly the 
following (Table 1.3.): people who consume much cholesterol or a high Incl of 
saturated fat have a high serum cholesterol and lipid level. The exccss cholesterol 
permeates the arterial walls in some way and becomes deposited there. 
Table 1.3. The scheme of the "Lipid theory" shows the relationship het\\eell 
elevated plasma cholesterol levels and CYD 
Consumption of Animal Fats 
y 
Elevated SCI Lipid Levels 
Development of Arterial Lesions 
l 
Cardiovascular Diseases and Premature Death 
As soon as the cholesterol deposits reach a certain thickness and extent of coverage, an 
inadequate or completely failing blood supply results to one or more body parts (the 
extremities, brain or heart etc.), depending on the location of the sclerosis. Thc deficient 
supply causes considerable difficulties or even death in extreme cases. As a relativcly 
simple therapy, and above all as a preventive measure, broad population groups \hTe 
given the recommendation to reduce a) cholesterol (maximum of 300mg cholesterol 
/day/person) and b) animal fat as much as possible from the diet, while c) consuming 
more vegetable fat. The recommendation to avoid animal fat as well as cholesterol vvas 
based on the following observation: In experiments with humans as welI as anilllal." it 
had been shown that "saturated" fat, independent of whether it was comhined with 
cholesterol or not, possessed an effect which raised serum cholesterol, \vhi Ie 
"polyunsaturated" fat had a lowering effect (Keys ef al., 1957, Wood, 1997. Table I A.). 
The 'Lipid Hypothesis' proposes that there is a direct cause and effect relatioll"hip 
hetween elevated plasma cholesterol levels and CYD incidence, such that risk can he 
reduced by reducing plasma cholesterol levels (Ahrens, 1976). 
IO 
Table 1.4. Effect of fatty acids on CYD in human 
SFA raise blood cholesterol 
PUFA lower blood cholesterol 
11-6 PUFA 
n-3 PUFA 
Source: Wood (]lJlJ7) 
activate clotting 
reduce clotting 
Early work showing that diets high in C18:0 do not raise serum cholesterol (Horlick. 
1959. Keys et al., 1965) have now been confirmed (Bonanome and Grundy, 19XX), so 
the putative atherogenic SFA are C 12:0 (lauric), C 14:0 (myristic), and C I ():o 
(palmitic), a fact already recognised by Keys in 1965. Wiseman (1996) also reported 
that saturated fatty acids of 12-16 carbon chain length increase blood total. LDL and 
HDL cholesterol, and the LDLlHDL ratio. Also, trans fatty acids increase LDL but 
also decrease HDL, both potentially adverse effects. 
So, in order to reduce mortality from cardiovascular disease, SFA must be decreased in 
the diet as recommended by WHO (1982). the National Advisory Committee 011 
Nutrition Education (1983) and the Committee on the Medical Aspects of Food Policy. 
COMA (1984). 
Lipid theory was the focal point of these health committees recommendations although 
detailed analysis of the evidence shows that the relations are more complex than the 
current lipid hypothesis suggests (Ulbricht and Southgate, 1991). 
The validity of the 'lipid hypothesis' has been tested in numerous studies using either 
dietary interventions, drug treatments or both dietary and drug interventions. The 
results of these various studies have met with partial success in determining the validity 
of the lipid hypothesis when aggressive drug interventions are used to lower an elevated 
plasma cholesterol level (Multiple Risk Factor Intervention Trial Group, 19~Q, Lipid 
Research Clinics Program, 1984a,b, Canner et ai., 1986, Blankenhorn et 01 .. 19X 7, 
Frick et al., 1987, Manninen et al., 1988). Reviews of lipid-lowering clinical trials by 
Tyroler (1987) and Bilheimer (1988) emphasise the validity of identification and 
treatment of high-risk hypercholesterolemic individuals to reduce CYD risk and the 
rationale of treating the hypercholesterolemic patient with dietary modifications prior to 
initiation of drug therapy. 
Ulbricht and Southgate (1991) have reported the role of fatly acids in affecting tl1L' 
levels of plasma cholesterol and the atherosclerotic process has bcen cx.tellsi\elv 
clarified over the last 10 years. 
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In two different studies, oleic acid, the major dietary mono-unsaturated fatty acid i" 
considered to decrease plasma LDL cholesterol like polyunsaturated fatty acid" hUI 
without their decrease in HDL cholesterol, a form protecting against CHD (Mau"oll alld 
Grundy, 1985, and Mensink and Katan, 1989). 
The National Cholesterol Education Program (National Cholesterol Education Program 
Expert Panel, 1988) has defined CVD risk relative to plasma cholesterol 1C\'els ill Iinee 
groups: (I) low risk at plasma cholesterol levels less than 200 mg/dl, (II) moderatL' ri,sh 
at cholestcrol levels betwecn 200 and 240 mg/dl, and (III) high risk for cholestcrol 
levels greater than 240 mg/dl. While there may be some disagrcement regarding the 
lcvcls chosen, whether too high or too low, is not the consideration. What this risk 
classification means is that, whcn based solely on plasma cholesterol Inels. 
approximately 50l/0 of thc American population is classified as having low risk. 2)1,; at 
moderate risk and 25% at high risk. Thus half the American population exi"", ahO\'e 
the average risk cut-off of 200 mg/dl and would receivc the recommendation to alter 
their diet to a lower saturated fat and cholesterol intake, a dietary change which would 
result in a substantial alteration in the overall food consumption pattern in this coulltry. 
The major questions raised regarding dietary recommendations to the public to decrease 
dietary saturated fat and cholesterol consumption deal with the efficacy and safety of 
such changes and the potential benefits to be gained in terms of reducing CVD 
morbidity and mortality. 
Epidemiological evidence for a relationship between dietary cholesterol intakes and 
plasma cholesterol levels is weak at hest and confoundcd hy the association of dietary 
cholesterol with saturated fat intake. Analysis of the data in a review of the Se,en 
Countries Study data by Hegsted and Ausman (1988) indicates that deletioll of the 1\\ 0 
countries with the lowest dietary cholesterol intakes (Japan and Italy) reduces the linear 
correlation between CHD and dietary cholesterol from 0.63 (n= 18, P<O.O I) to OAX 
(n= 16, P>0.05). The relationship between dietary cholesterol intake and CHI) 
incidence is marginal and may relate more to numerous cultural differences than to 
dietary effects on plasma cholesterol levels. In the Western Electric StUdy. has reported 
a significant relationship between dietary cholesterol and CVD incidence (Grundy 1'1 
0/., \988). It should be noted that in this study the relationship between saturated fat 
intake and CYD incidence, which has been found in a numher of studies. was nol 
significant. Why this single study found a significant relationship between dietary 
cholesterol intake and CYD incidence, when it would be expected that the fract ional 
absorption of dietary cholesterol would be highly variahle in the study population. is 
not clear. 
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The effects of dietary cholesterol on plasma cholesterol levels and endogenoul., 
cholesterol and lipoprotein metabolism have been the subject of studies for over three 
decades yet the question remains a hotly dehated topic. Numerous review articles have 
been written on the subject (Grundy, 1979, McGill, 1979, Grundy, 19X3, Beynen /'/ (//., 
1987, McNamara, 1987, Quintao and Sperotto, 1987, Grundy et aI., 1(88) summarising 
the various arguments. 
1.5. Thrombogenesis 
The main alternative to the lipid theory was proposed by Taylor et a/. (1979 J. He 
suggested that thrombogenesis rather than atherosclerosis was the main cause of the 
increase in CHD which started earlier this century and that it correlated with an 
increase in the 11-6:11-3 ratio from helow 6: I to above 10: I through increased 
consumption of high linoleate vegetable oils. 
Many studies have shown long-chain saturated fatty acids (up to C 18:0) accelerate 
thrombus formation whereas PUFA and MUFA do not (Hornstra and Lussenherg. 
1975, Renaud et ai., 1986) and that it is the longer-chain SFA (that is, C 14:0, C 16:0 and 
C 18:0) which are thrombogenic (Hornstra and Lussenberg, 1975) and the P:S ratio is an 
important determinant of thrombogenicity, reported by Hornstra ( 1(89). 
The effect of polyunsaturated fatty acids on thrombogenesis is more complex and is 
reviewed by Ulbricht and Southgate (1991). Polyunsaturated fatty acids arc precursors 
for the production of anti thrombogenic prostacyclins and thrombogenic thromboxancs, 
the net effect depending upon the relative activity of the two products. 
Dihomogammalinolenic acid is antithrombogenic (Ulbricht and Southgate, Il)91) 
whereas arachidonic acid is thrombogenic (Moncada and Vane, 1(18) although hoth 
are derived from linoleic acid, the former preceding the latter in the synthetic pathway 
of the 11-6 fatty acids. In vitro evidence indicates that eicosapentaenoic acid (EPA). of 
the 12-3 series derived from a-linolenic acid, is antithrombogenic (Dyerberg and Bang, 
1978a, Dyerberg and Bang, 1978b, Dyerberg and Bang, 1979, Needleman et (fl., 1(79) 
Thus, there is a conflict between the positive hypocholesterolaemic effect of linoleic 
acid (1/-6) and the greater thrombogenic risk caused by deposition of its metaholic 
product arachidonic acid (Hamberg et al., 1975, Moncada and Vane, 1979). The 1/-] 
PUFA derived from linolenic acid arc more favourable in that they lower plal.,llla 
triglycerides and are antithrombogenic (Renaud ef al., 1986). Although their precursor. 
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a-Iinolcnic acid is preferrcd ovcr linoleic acid in the synthctic pathway, thi.~ i-.; 
countcractcd by thc high consumption of linoleatc compared with linolenate in the dil't 
and thc latter is not incorporated into tissue lipids as readily as the rormer. 
Furthermore, there is some doubt whcther the synthetic pathway can produce IUllger 
chain products in humans at a sufficient rate (Cunnanc et al., 1984). The need to 
balance n-6:n-3 fatty acid intake to cope with thcse conflicting actions of fatty acids in 
the two groups has long been recognised. 
1.6. Human dietary guidelines 
In recent years awareness of the importance of diet in human health has increased. In 
thc past 20 years or so, the consumption of rcd meats on a per capita basis has declined 
from previous record Icvcls. This is the rcsult of changes in cating habits and lik 
styles, the widespread availability of relativcly lowcr cost poultry, and as a result or 
recommendations by various public health agencies and consumer activists to cat less 
fat and to consumc less red meat in order to prevent cardiovascular disease and cancer 
(US Senate Select Committee on Nutrition and Human Needs, 1977). 
The problem for an understanding of meat as food is that animal fats arc oftcn equated 
with 'saturated rats'. This is false and misleading because thcre arc no '.-.;aturated rat< as 
such in nature but fats with diffcrent proportions of saturated and unsaturatcd fatty 
acids (Hansen et al., 1986, Moore, 1986, Briggs, 1987). Beef fat (tallow) has around 
43-50% of saturated fatty acids, dcpending to some extent on the part of the animal 
from which it is derived. The levels of saturated fatty acids in animal fats is similar to 
the amounts of saturated fatty acids, including trails fatty acids, in many cOlllmercial 
hydrogenated vegetable fats used for margarines. This outdatcd advice is often givcn 
in the popular press and even in scientific journals. 
1.7. Recommendations for fat and cholesterol consumption 
Different international organisations have recommended total fat intake should he 
limited to 30-35% of the total energy intake (i.e. including a maximum of YiC or total 
energy from alcohol. No ranges were suggested about this average figure) (Department 
of Health, 1991). 
COMA (1991) recommended that average intakes of SFA should provide J(YI!' of total 
energy: MUFA, 12%, trans fatty acids, 2% and PUFA, 6-10% of total energy (Dupont 
et al., 1990). Minimum intakes of 0.2% total energy from n-3 PUFA and 1.(1); total 
cnergy from n-6 PUFA were recommended with a maximum value of IO(i! of total 
energy from all PUF A. 
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Within these general guidelines more particularly advice is to reduce the intake of short 
and medium chain saturated fatty acids and the intake of 1/-6 polyunsaturates relative to 
11-3 (Gibney, 1993). 
The recommended fat intakes by COMA and WHO are shown in Tahle 1.5. togclher 
with the average intake determined hy the National Food Survey. 
Table 1.5. aRecommendations and consumption of fat in UK 
aCOMA bWHO cConsulllption 
recommended recommended 1991 
Fat (% of food energy) 







Sourcc:aCollllllittee Oil Medical Aspects of Food Policy ( 19X4). hWorld Health Organisation I IlJS2) and 
l'Collsull1ptioll (National Food Survey, 1992). 
1.8. Meat and coronary heart disease 
Meat is cited, often wrongly, as a food having a high fat content and an undesirahle 
balance of fatty acids. Consumers increasingly prefer products with a highn 
unsaturated fatty acid content, especially the polyunsaturated omega-3 fatty acids \vhich 
have the effect of preventing cardiovascular diseases (Wood, 1997). Thorogood c! al. 
(1990) also reported that health conscious individuals select a fat-modified rather than a 
low-fat diet, with a reduction in saturated fatty acids compensated by an increase in 
unsaturated fats. 
In fact, meat is excellent source of protein (Brown, 1982) which is able to Illeet human 
protein requirements with only modest intakes (Guthrie, 1979) and in 'lean' or fat 
trimmed products is very low in fat (20-50g/kg). Pork and poultry have a favourable 
balance between polyunsaturated and saturated fatty acids (P:S) and grazing ruminanh 
produce muscle with a desirable 11-6:11-3 PUFA ratio (Enser and Wood. 19(5). 
Therefore, the regular consumption of moderate amounts of lean red meats is a 
desirable healthful practice (Schweigert et a/., 1985, American Dietetic Association. 
1986, Hansen et al., 1986, Cronin et al., 1987, Iacono, 1987, Cronin and Shaw 19~X, 
Mullis and Pirie, 1988, Surgeon General's Report on Nutrition and Health, 1988, Watts 
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LIPID CHEMISTRY AND CLASSES OF LIPI/) 
Before discussing the fatty acid composition of meat, it is necessary to describe thL' 
chemistry of lipids. This chapter is particularly concerned with the fatty acids, and 
describes their structures. 
2.1. Lipids 
Lipid is the scientific term for a variety of naturally occurring fatty substancL's. sOll1e 01 
which are important in body function. 
Body fats can be classified broadly as "structural" or "storage". Structural fats are thuse 
that form an integral part of the biological membranes found in all cells. tissues and 
organs (Owen el al., 1984, Cullis and Hope, 1985, Pugano and Sleight. Il)~:'i. Storch 
and Kleinfeld, 1985, Carruthers and Melchior, 1986). In man they are mainly thL' 
phospholipids, glycolipids and cholesterol. Storage lipids are those that provide a l(ln~­
term reservoir of energy in the adipose tissue. They are almost cxclusi\ely 
triacylglycerols, although the adipose tissue fat droplet does contain some cholesterol. 
fat-soluble vitamins and some adventitious fat-soluble compounds. In general the fatty 
acids of storage lipids contain more saturated and monounsaturated fatty acids than 
structural lipids, which generally have a high content of polyunsaturated fatty acids. 
Also, there is a sense in which these lipids can be regarded as having a "storage" as well 
as a "structural" function. 
Lipids are water-insoluble organic molecules which are also classified into complex 
lipids (e.g. triglycerides and phospholipids), and simple lipids (e.g. cholesterol) (Folch 
and Sperry, 1948 and Baer el al., 1952). The UK diet provides about 200-300 tilllL'S 
more complex lipid (triglycerides) than simple lipid (cholesterol), an average or about 
70-100 g of triglyceride and about 250-400 mg of cholesterol daily (Gregory l'l al .. 
1990). Endogenous synthesis generates some 450 mg (12 mmol) of cholesterol dai I y. 
Before classifying the lipids, it is necessary to describe structure and terminology 01 
fatty acids. 
2.2. Structure of fatty acids 
The fundamental components of complex lipids arc fatty acids which comprise a 
methyl (CH3) group at one end, a hydrocarbon chain of variable length and a terminal 
carboxyl group (COOH) at the other end (Farquar et af., 1959, Gunstone. 1967, 
IUPAC-IUB Commission on Biochemical Nomenclature, 197H, Nomenclature 
Committee of the International Union of Biochemistry, 1984). 
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2.2. I. Saturated, monounsaturated, polyunsaturated 
When each carbon atom of the hydrocarbon chain is attached to two hydrogen atolll~. 
the chain is saturated. Double bonds occur in the chain when single hydrogen atum,> 011 
pairs of adjacent carbon atoms are removed. Fatty acids with a single double bond arc 
called monounsaturated fatty acids (MUFA) and those with two or more double bonds 
arc polyunsaturated fatty acids (PUFA) (lUPAC-IUB, 1978, Gurr and Harwood. 1096. 
Figure 2.1). Double bonds influence both the shape of the molecule and the physical 
and chemical properties of the fatty acid. 
The terms 'saturates', 'monounsaturates' and 'polyunsaturates' arc sometimcs uscd 
instead of SFA, MUFA and PUFA. 
Addition of pairs of hydrogen atoms to existing double bonds converts an un~aturatcd 
fatty acid (UFA) back into a SFA and this is important in the 'hardening' (or 
hydrogenation) process used in making hard margarine. The process also occurs 
naturally in the rumen. Double bonds are also particularly susceptible to reaction with 
oxygen, producing a variety of oxidised products that have important biological 
properties. 
2.2.2. cis and trails configurations 
Dietary fatty acids usually contain an even number of carbon atoms (typically 12-2~) 
with up to 4 double bonds and these double bonds influence the shape of the fatty acid 
molecule. A double bond can adopt two geometrical configurations. generally called 
cis and frans. In the cis double bond the hydrogen atoms adjacent to the double bond 
are on the same side of the molecule and causes a pronounced kink in the chain and 
lipids containing them cannot pack together so easily, while in the fralls configuration. 
they are on opposite sides (like SFA) (Gurr and Harwood, 1996. Figure 2.1). Cis 
double bonds are more common in natural lipids than the trans forms, although In/liS 
bonds occur naturally in small amounts in ruminant fats. plant leaf lipid and some seed 
oils. TrailS bonds arc also produced during the 'hardcning' of vegetable nils and in the 
rumen. 
2.2.3. n-3 and n-6 fatty acids 
Double bonds can be located at different pOSItions in the hydrocarbon chain. 
Conventionally thc number of carbon atoms between the mcthyl terminal group of the 
fatty acid and the first double bond is used to categorise unsaturated fatty acids. Thl1~ 
18 
where the first double bond is 3 carbons from the methyl terminal, this is termed II-J 
(Figure 2.1 ). 
The body can synthesise SFA and MUFA itself. if required, but much comes frolll tile 
diet. Two PUFA, linoleic acid (C 18:211-6) and a-linolenic acid (C 18:311-3) must collle 
from the diet because they cannot be synthesised in the body. They arc called essential 
fatty acids (EFA). 
Linoleic and a-linolenic acids can be incorporated unchanged into the hotly lipids or 
metabolised further by the addition of more carbon atoms and more uoublc bond.s as 
discussed in section 2.7 (Gurr and Harwood, 1996). These polyunsaturated fatty acids 
are the source of C20-C22 unsaturated fatty acids for the production of a group of 
highly active metabolic products called eicosanoids, which include the prostanoids 
(prostaglandins and thromboxanes) which have many different and important hiological 
activities. 
Eicosanoids influence smooth muscle contraction and blood clotting. they mediate 
inflammatory reactions and they regulate the immune system. In platelets. binding of 
collagen to surface receptors stimulates the release of arachidonic acid, a precursor of 
thromboxane A2 (Needleman et al., 1976) which is a potent platelet activating agent 
and a potent vasoconstrictor (Bunting et a/., 1976). The amounts and proportion of 
dietary fatty acids can influence the 'spectrum' of eicosanoids and can therefore ha\L' 
profound effects on the physiology of the body. 
During chemical reactions. such as catalytic hydrogenation or oxidation, the double 
bonds may be shifted along the chain (positional isomerization), or geometrically 
isomerized (cis-trans), yielding a wider variety of structural isomers than occurs ill 
natural fats and oils. 
2.3. Terminology used for fatty acids 
The position of double bonds in the fatty acid is denoted by a numerical prefix. 'rhi." is 
the number of the first carbon atom forming the double bond, starting from the carbon 
atom in the carboxyl group as carbon atom number one (The British Nutrition 
Foundation, 1992b, Figure 2.1 ). 
The SFA with a chain length of 18 carbon atoms is called stearic acid. Oleic acid. the 
only MUFA of major nutritional significance, has one cis type of double hUlld at 
position 9 and its chemical name is cis-9-octadecenoic acid. Nutritionally-important 
PUFA always have their double bonds separated from one another hy a -CH.2- group. 
Thus the major unsaturated acid with 2 double bonds is linoleic acid (cis, cis-t)o 1.2-
octadecadienoic acid). There are two biologically important unsaturated fatty acids 
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with a chain length of 18 carbons and with 3 douhle honds - a and y linoicnic acid" 
(Figure 2.1 ). 
A useful shorthand nomenclature for fatty acids consists of two numhers separated hy a 
colon. The number before the colon gives the length of the carbon chain while till' 
figure after the colon denotes the number of double bonds. Thus, stearic acid can he 
written as 18:0, oleic acid can be written as 18: I and linoleic acid as 18:2. 
Sometimes, to emphasise relationships between different fatty acids, it is helpful to 
number the double bonds from the methyl group end rather than the carboxyl end. 
Under this system, oleic acid is 18: I (11-9), linoleic acid is 18:2(11-6), a-linolenic is 
18:3(11-3) and y-linolenic acid is 18:3 (1/-6). The old terminology for 11-9, /1-6 and 1/-3 
fatty acids was omega-9, omega-6 and omega-3 fatty acids. 
Figure 2.1. Schematic diagram illustrating the monounsaturated, polyunsaturated 
fatty acids, and their cis and trans forms, and 1/-3 n-6 families. 
Saturated 
18 16 14 12 10 8 6 
Stearic 
Monounsaturated 8 6 
18 16 14 12 10 9 
Oleic acid (cis n-9 ) 
18 16 14 12 10 8 6 
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Vaccenic acid (trans n-11) 
Polyunsaturated 
18 16 14 11 8 6 
13 12 10 9 
Linoleic acid (n- 6) 
14 11 8 6 
18 16 15 13 12 10 9 
Alpha-linolenic acid (n-3) 
18 16 14 11 8 
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Gamma-linolenic acid (n-6) 





















2.4. Physical and chemical properties of fatty acids 
The physical and chemical properties of fatty acids and of the complex lipids derived 
from them depend on their chain length, degree of saturation and the nature of any 
double bonds (Cullis and Hope, 1985). The shorter the chain length and the greater the 
unsaturation, the lower the melting point. Saturated fatty acids and unsaturated fatty 
acids with trans double bonds are straight and pack closely together. This raisL's the 
melting point and tends to make fats containing them more solid at room temperature. 
Unsaturated fatty acids containing cis double bonds are kinked and less able to pack 
together. In general. fats with a high proportion of long chain saturated. or trans-
unsaturated, fatty acids are solid at room temperature. whereas those with a large 
number of cis-unsaturated double bonds are liquid oils. At the higher temperature." 
reached during baking or roasting (220 degrees centigrade), some Imlls as well a:-. 
positional isomerization may occur (Brisson, 1982. Kiritsakis el a/ .. I 99()). 
Double bonds are more chemically reactive than single bonds and arc particularly 
susceptible to reaction with oxygen to produce a variety of oxidised products that may 
have important biological properties. Biological oxidation processes result in the 
continuous production of two kinds of highly reactive oxygen-containing free radical,,: 
the hydroxyl radical (HO-) and superoxide (-02). These short-lived intermediates are 
capable of reacting with polyunsaturated fatty acids, leading to a chain reaction which 
is greatly accelerated by the presence of metal ions such as iron and copper. If the fatty 
acid happens to be an integral component of a lipoprotein like LDL. the biological 
properties of the particle may change (Steinberg et al.. 1989. Leake. 1991). 
2.5. Complex lipids 
Complex lipids are divided into two categories: lipids similar to those stored in fat 
depots known as triacylglycerols or tryglycerides which are more commonly localised 
in subcutaneous fat, the thoracic and abdominal cavities and also intermuscular 
deposits, and complex lipids in cell membranes known as phospholipids. 
Phospholipids are esters which contain phosphorus, nitrogen bases and/or sugars, in 
addition to long-chain fatty acids and glycerol. 
2.5.1. Ph mph o lipids 
Phospholipids are mixed esters of fatty acids and phosphoric acid with the aiL'ollOk 
glycerol or sphingosine (Lowenstein, 1969, Van Den Bosch. 197.:1-) and arc the 
predominant components of the lipid bilayer of biological membranes. 
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They derive their lipid properties from the long chain fatty acid moieties but also have a 
considerable polar charactcr due to thc ionisation of the phosphate and base group" 
(Thompson, 1970). 
Phospholipids are classified into two groups by Ansell et al. (1973) according to the 
alcohol with which the fatty acids and phosphoric acid are esterified: (I) 
Glyccrophospholipids having glycerol as thc alcohol, (2) Sphingophospholipids ha\ing 
sphingosine as the alcohol. Thc most abundant animal phospholipid is (3) Phosphat ill) I 
choline (lecithin) as shown in Figure 2.2. 
Figure 2.2. Schematic diagrams showing the classification of phosphol i pills 




















Source: 1,2Gurrand James (1975) and 3Hanahan (1960). 
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Phospholipids have a number of roles: They have been implicated (I) in the blood 
clotting process by stabilising the structure of the lipoproteins which transport lipids ill 
the blood, (2) as storage forms for fatty acids and phosphate, and as a source of choline 
in nervous tissue, (3) as a matrix for the structure of the living cell, and as intermediates 
in the transport, absorption, and metabolism of fatty acids. Membrane phospholipids 
arc a source of the polyunsaturated fatty acids which are precursors of the eicosalwids 
(e.g. prostaglandins and thromboxanes). 
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2.5.2. Triacylg/ycerols (triglyceride.\) 
This section is mainly about the esters of the trihydric alcohol, glyceroL with latty 
acids. The preferred term is triacylglycerol rather than triglyceride (iUPAC-lliB. 197X) 
or acylglycerols. 
The main lipids are triacylglycerols and their three groups are esterified \vith u~lIalh a 
mixture of saturated and unsaturated fatty acids in adipose tissue (Hanahan. I ()()(). 
Gunstone. 1967. Figure 2.3). Triacylglycerols in animal fats mainly contain latty aL'id~ 
with 14, 16, or 18 carbon atoms and are saturated or contain only one or two douhle 
bounds (lgene et ai., 1980). 






Source: Data from Hanahan (1960) and Guns\onc ( 1967). 
Triacylglycerols are the most common forms of energy reserve compared \\ ith 
carbohydrates and protein. because they can be stored in a compact. unhydrated form. 
Triacylglycerol vary in amount and fatty acid composition according to species. diet;,. 
age. sex and location in the body. 
2.6. Simple lipids 
Cholesterol (Figure 2.4. Gunstone, 1967) is the most abundant simple lipid in man. All 
animal cells need cholesterol, derived both from endogenous synthesis and from the 
diet. both for structural and for metabolic purposes. In cell membranes it help" to 
maintain appropriate fluidity for normal function of membrane-linked enzyme system" 
and transport proteins. In specialised tissues like the adrenal glands. gonads and liver. it 
is a precursor of adrenocortical hormones, sex steroids and bile acids respectively. 
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Figure 2.4. Cholesterol structure 
Source: Data from Gunstonc ( 1967). 
2.7. Formation of long chain PUFA (n-3 and n-6 fatty acids): 
desaturation and chain elongation 
As mentioned previously, the long chain PUFAs are derived from linoleic and (1.-
linolenic which arc precursors. Mead ( 1(68) estahlished that there wCI'e three main 
families of polyunsaturated fatty acids. These are known as the 1/-9, 1/-6 and 1/-3 
families and the parent fatty acids in each family are oleic acid, linoleic acid and 
linolenic acid. From each parent fatty acid, a series of de saturated and chain elongated 
PUFA arc derived by sequential action of ~6 desaturation, chain elongation. ~\) 
desaturation. chain elongation and ~4 desaturation enzymes (Figure .2.5.). 
There is no interconversion bctween the PUFA in the different families and it is only 
when linoleic and linolenic acids are both lacking in the diet that oleic acid is cOIl\'crted 
to eicosatrienoic acid (C20:31l-9). The ~6 desaturase is the rate limiting step in the 
conversion ofCI8 to C20 and C22 PUFA (Sprecher, 1977). 
There is evidence that although these conversions do occur in man. the process is 
extremely inefficient (Emken et al., 1987). Consequently, fatty acids SLlch as 
arachidonic, eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids may be 
derived most efficiently by the ingestion of dietary sources of preformed PUFA (eggs. 
liver and meat for arachidonic acid and fish and fish oils for EPA and DHA) (SinL'iair 
and 0' Dea. 1(90). 
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22:4 n-6 22:5 n-3 
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24:4 n-6 24:5 n-3 + 6 de.W/lllmse + 
24:5 n-6 24:6 n-3 
~ Beta-oxidatiol/ ~ 
22:5 n-6 22:6 n-3 
Docosapentaenoicacid (DPA) Docosahexaenoicacid (DHA) 
Source: Data from The British Nutrition Foundation (1992h). 
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LIPIDS AND FATTY ACIDS IN MEAT 
Meat has often been criticised. sometimes unfairly. for having a high lipid content and a 
poor balance of fatty acids. This section will present data on the composition and 
nutritional value of meat together with information on its consumption. 
3.1. The composition and nutritional value of meat 
Although the consumer may choose meat primarily for its aesthetic appeal. or through 
habit, it is important not to overlook its nutritional value. Meat has al\vays bcen 
considered a highly valued food (Harris, 1986, Lauwerier, 1986). 
The composition of lean meat is relatively constant over a wide range of anilllais 
according to Fennema (1985) (Table 3.1). Variation is most marked in thc lipid 
content, which may be evident as different degrees of "marbling". 
Table 3.1. Composition of lean muscle tissue of meat animals (%) 
Species Water Protein Lipid Ash 
Beef 70-73 20-22 4-8 1.0 
Chicken 73 20-23 4-7 1.0 
Lamb 73 20 5-6 1.4 
Pork 68-70 19-20 9-11 1.4 
Source: Data from Fcnncma (1985). 
Meat is considered, justifiably, as a high protein food. Of the total nitrogen contcnt of 
muscle ca. 95GJo is protein and ca. 5% smaller peptides, amino acids and other 
compounds. The quality of the protein is very high, the types and ratios of amino acid" 
being similar to those required for maintenance and growth of human tissue (Table 3.2). 
Of the essential amino acids, meat supplies substantial quantities of lysine and 
threonine and adequate quantities of methionine and tryptophan. although the l'onlL'nt 
of these amino acids in meat is relatively low. 
The biological value of meat protein is 0.75 (human milk = 1.0, wheat protein = O.S()) 
and the net protein utilisation 80 (egg= 100, wheat f1our= 52). The digestibility or meat 
protein, like that of milk and eggs, is 94-97%, compared with 78-8W/t' for plant 
proteins. 
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Table 3.2. Amino acid composition of meat proteins (gil OOg) 
Beef Chicken Lamb Pork 
Arginine 13.7 12.8 12.7 12.2 
Cystine 2.6 2.6 2.7 2.6 
Histidine 7.5 6.2 6.7 8.9 
Isoleucine 10.4 9.5 9.7 9.2 
Leucine 16.3 15.4 15.0 14.5 
Lysine 18.5 18.4 20.3 19.7 
Methionine 5.5 4.9 5.3 5.6 
Phenylalanine 9.1 9.2 8.0 0.9 
Threonine 9.4 8.5 9.7 8.9 
Tryptophan 2.6 2.3 2.7 2.3 
Tyrosine 7.8 7.2 7.3 0.6 
Valine 10.7 9.8 10.0 9.9 
Source: I Data from Paul et al. (1980). 2Yalues for chicken arc based ,m raw lllcat (lilly, wIll Ie- th"'L' I,'r 
other species are based on raw, lean (average) samples, 
Muscle tissue in general is an excellent source of some of the B complex vitamin", 
especially thiamine, riboflavin, niacin, 86 and 812, The B-vitamin content of Illl'al, 
however, varies according to a number of factors, including species and musck type. 
Secondary factors influencing B-vitamin content of meat within a species arc breed, 
age, sex and general health of individual animals. Vitamin A is the most important fat-
soluble vitamin in meat and provides ca. 23% of the average intake in the US. 
Contents of vitamins D, E and K are generally rather low in meats, although \evels of 
vitamin E are elevated where animals are fed high tocopherol diets. 
Lean meat is recognised as a good source of iron and phosphorus, but is usually lo\\' 111 
calcium. An exception is mechanically recovered meat and some types of debolled 
meat, where small particles of bone are present. 
3.2. The lipids of meat 
Lipids in meat are located in three main areas or depots: subcutaneous, intermu"cular 
and intramuscular. Some lipid is laid down in all animals fed on an adequate diet. The 
amount that accumulates in an animal varies according to species and also according to 
the genetics of the animal, diet, age, sex and weight. Diet is of particular importance 
and in non-ruminant (monogastric) animals the composition of the lipids in the body fat 
tissues reflects that of the dietary fats. This is particularly marked with pigs and 
animals fed on a diet high in unsaturated fatty acids tend to have softer body fats. 
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[n ruminant (polygastric) animals, unsaturated fats are suhject to hanicnint: hy 
hydrogen produced by rumen micro-organisms. For this reason the fat of ruminant.'> 
tends to be harder, more saturated than that of non ruminants. 
There can also be marked variation according to the location of the fat in the hody. Fat 
generally begins to accumulate abdominally and fat in muscle is the last to be laid dllwn 
(Wood, 1990). Accumulation of fat within the muscle is known as 'marhlint:' and is 
often considered indicative of good eating quality and a factor in the choice of lllL'at. 
As this is the last fat to be deposited a high plane of nutrition is necessary to producL' 
marbling. 
Fat is deposited in fat cells, which probably arise from undifferentiated mesenchyme 
cells, development usually commencing around blood and nerves vesseb. 
Development is accompanied by accumulation of lipid droplets, which grow hy 
coalescence until a single large drop of fat exists in the mature fat cell. The fat cL'1I i.,> 
surrounded by cytoplasm containing subcellular organelles. Fat cells in mLlscic arc 
located outside the muscle bundles, in the perimysial spaces, but not in the region of the 
endomysium. Lipid in the latter area is usually present as very small droplets within 
the muscle fibres, or is associated with membranes. 
[nternal body fats are significantly harder than those near the skin. This is thout:ht to 
reflect the fact that the lower temperatures at the outside of the body mean the fat must 
have a lower melting point to permit mobilisation. Conversely internal fats Illust han.' 
some structural rigidity and thus have a higher melting point. Differences reflect the 
fatty acid composition, the major compositional characteristic. 
3.3. Fatty acid composition of meats 
Fatty acid composition differences between monogastric and ruminant animal 
species 
3.3.1. Ruminants (Cattle and Sheep) 
The composition of the lipids of ruminants has been extensively reviewed by Christie 
(1978). Busboom et (II. (1981) and Marmer et al. (1984) have also investigated lipid 
compositions of ruminants, sheep and cattle respectively. 
The fatty acid compositions of cattle and sheep are different from monogastric animals 
due to their different physiology. Particularly, biohydrogenation in the rumen dUL' to 
microhial enzyme~ breaks down unsaturated fatty acids to saturated fatty acids . 
.J1~j)" ~ >, , 
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Muscle fatty acids 
Enser cl al. (1996) investigated the fatty acid content and composition of Engli~h beeL 
lamb and pork. This investigation examined the quantities of individual fatty acid~ 
present in the muscle which is shown in Table 3.3. and in adipose tissue which is 
shown in Table 3.4. (percentage by weight of total fatty acids). Beef sirloin steaks, 
lamb chops and pork chops obtained from retail outlets were studied. 
Table 3.3. Fatty acid content of muscle from beef, lamb and pork (SIr) 
percell/age hy weight of total fatty acids(/ 
Fatty acid Beef Lamb 
C 12:0 lauric 0.OS±0.03a 0.31±0.ISc 
C 14:0 myristic 2.66±0.S4b 3.30±1.07c 
C 16:0 palmitic 2S.0±1.77c 22.2±1.56a 
Cl6:lcis 4.S4±0.8Ic 2.20±0.26a 
C IS:O stearic 13.4± I.S4 b IS.I±2.S0c 
C 18: I frans 2.75± 1.28a 4.67±1.67b 
C IS: I n-9 oleic 36.1±2.87b 32.5±3.25a 
C 18: 111-7 vaccenic 2.33±0.40b 1.45±0.26a 
C 18:21l-6 linoleic 2.42±0.63 a 2.70±0.S6a 
C 18:311-6 y-linolenic nd nd 
C 18:311-3 a-linolenic 0.70±0.IS<l 1.37±0.4SC 
C20:2n-6 nd nd 
C20:3n-6 0.21±O.06b 0.05±O.04a 
C20:31l-3 O.007±0.0 11 a ndc 
C20:41l-6 arachidonic 0.63±O.21 a 0.64±0.23 a 
C20:41l-3 O.OS±O.03b ndc 
C20:SIl-3 EPA 0.28±0.11 a 0.45±O.13c 
C22:4n-6 O.04±O.02a ndc 
C22:SIl-3 O.45±O.14a 0.S2±O.14b 
C22:6n-3DHA 0.05±O.02a 0.15±O.05 b 
Source: Data from Enser et al. ( 199h). 
a Results are means ±SD for 50 samples from each species. nd, not detected. 






















General statements based on Table 3.3. I. are as follows: The major fatty acids palmitic 
and oleic form similar percentages of the total fatty acids in all three species. Stearil' 
acid, the third most abundant fatty acid, is present in the highest concentration in lamh 
muscle. The concentration of CIS: 1 trails was twice as high in lamb than beef \\here~l~, 
C 16: 1 and CIS: 1 n-7 formed a higher percentage of the total fatty acids in heef than 
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lamb. The concentration of linoleic acid was much greater in pork than beef and lamh. 
approximately three-fold more, but the concentration of a-linolenic was similar in bel'l 
and pork and higher in lamb. The main differences between pork and lamb were higher 
concentrations of fl-6 fatty acids in pork and higher concentrations of 11-3 fatty acids in 
lamb. However, arachidonic was the major long chain polyunsaturated fatty acid in all 
three species, followed by C22:5n-3. The concentrations of C20:511-3 and C.2.2:611-3 
PUF A in lamb were markedly higher than in beef. 
Adipose tissue fatty acids 
The results in Table 3.4. show that pig adipose tissue contains significant amollnts of 
C20-C22 PUFA of both the 1/-6 and 11-3 series whereas, although ruminant fat contains 
C 18:31/-3, the longer chain PUFA are not present in triacyglycerols. The total fatty acid 
content of beef and lamb adipose tissue, 70% and 71 % by weight respectively, wa." 
slightly higher than that of pork, 65%. As with muscle Cfable 3.3.), the concentratiolh 
of oleic and palmitic acid were similar across the species. There was almost twice as 
much stearic acid in lamb adipose tissue as in beef and pork, which were simi lar. 
C18: I trans was highest in lamb. Pig adipose tissue contained IO-fold more linoleic 
acid than lamb adipose tissue and 40% more a-linolenic acid. C20 and C.2.2 PllF/\s 
were not detectable in adipose tissue from both lamb and beef although they WL"rl' 
detectable in muscle. This reflects the tissue difference in phospholipid content. 
C20:5n-3 was absent from adipose tissue in all three species. 
As with pigs, the subcutaneous fat of cattle is softer than that of the internal fat with 
higher concentrations of palmitoleic acid and oleic acid and lower concentrations of 
stearic acid (Table 3.5.). However, linoleic acid was present at higher concentrations in 
the internal fat. Marmer ef al. (1984) also showed that dietary fatty acids arL' 
prcferentially deposited in thc intcrnal fat depots of ruminants. 
As well as being the site of hydrogenation of unsaturated fatty acids, the rumen is also 
the site of propionic acid production. Used as the primer for fatty acid synthesis, it 
results in the production of fatty acids containing an odd number of carbon atoms 
(Horning ef al., 1960, Horning et a/., 1961). It is also the source of branched-chain 
fatly acids after carboxylation to methylmalonyl-CoA. Depending on the diet, 
branched-chain fatty acids may comprise up to 10% of the total fatly acids in lamh 
adipose tissue (Garton et aI., 1972) but in cattle they do not usually cxcced 2.YIt 
(Christie, 1978, Manner et al., 1984). Up to 180 differcnt branched chain fatty acids 
may be prescnt in lamb fat (Smith et (//., 1979) of which approximatcly t\vo-thirds arL' 
monomcthyl-substituted and one-quarter arc dimcthyl-suhstituted. Most arc produl'l'd 
by synthesis in the sheep adipose tissue although a few come from the lipids or thL' 
rumen micro-organisms. 
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Table 3.4. Fatty acid content of adipose tissue from beeL lamb and pork 
percentage by weight o{ totalfatty ([cie/so 
fatty acid Beef Lamb 
C 12:0 lauric 0.10±0.03a 0.37±0.31 b 
C 14:0 myristic 3.72±0.62b 4.11±1.53 b 
C 16:0 palmitic 26.1±1.8Ic 21.9±1.92a 
C 16: leis 6.22± I.l3 b 2.40±0.32a 
C 18:0 stearic 12.2±2.34a 22.6±3.95 b 
C 18: I trans 3.31±1.63a 6.18±2.38 b 
C 18: I n-9 oleic 35.3±2.88 b 28.7±2.83a 
C 18: 111-7 vaccenic 1.60±0.36b 0.98±0.20a 
C 18:2n-6 linoleic I.IO±O.28a 1.31 ±O.52a 
C 18:311-6 y-linolenic nd nd 
C 18:31l-3 a-linolenic O.48±0.12a O.97±0.39b 
C20:211-6 nd nd 
C20:3n-6 nd nd 
C20:311-3 nd nd 
C20:411-6 arachidonic nd nd 
C20:411-3 nd nd 
C20:51l-3 EPA nd nd 
C22:41l-6 nd nd 
C22:5n-3 nd nd 
C22:61l-3 DHA nd nd 
Source: Data from Enser et al. (I <}<)6). 
a Results are means SO for 50 samples from each species. nd, not detccted 






















Table 3.5. Fatty acid composition of bovine adipose tissue from different sites 
Fatty acid Subcutaneous Inter muscular (loin) (popliteal) 
C14:0 3.7 ± 0.2 3.1 ±0.1 
C16:0 29.8 ± 0.5 27.6 ± 0.5 
C16:1 4.7 ± 0.2 3.2 ± 0.3 
C18:0 17.I±O.3 23.0 ± 0.8 
C18:l b 42.3 ± 0.5 39.0 ± 1.1 
CI8:2 2.3 ± 0.4 4.2 ± 0.5 
Source: Data from Holzcr c! (I/. (I <}92). 
aRcsults arc means ±S.C.1ll for 9 Fricsian hulls. 14 lIlonths old. 
hlncludcs gcomctrical and positional isomcrs. 
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Perirenal Mesenteric 
2.9 ± 0.1 2.7 ± 0.1 
25.9 ± 0.4 26.5 ± 0.5 
2.4 ± 0.1 2.S ± 0.2 
31.1 ± 1.3 29.4 ± 1.2 
34.5 ± 1.4 35.1 ± 1.0 
3.2 ± 0.4 3.9 ± O.S 
3.3.2. Non-ruminants (poultry, pigs) 
As the results in Tables 3.3. and 3.4. show, pigs have higher concentrations of II-() 
PUFA than ruminants, in hoth muscle and fat tissue, reflecting their monogastric nature 
and their diet. The same is true of chickens (Changs and Watrs, 1952) and in general. 
pork and poultry had similar fatty acid compositions with poultry having slightly m()re 
unsaturated. 
3.4. n-3 fatty acids in fish 
Fish oil contains a wider range of fatty acids, particularly unsaturated fatty acids. than 
the fats of land animals (Enser, 1991), and fish oil is the only fat source rich in C20 and 
C22 unsaturated fatty acids (30-53%). among which C22:5n-3. eicosapentaenoic 
(EPA), and C22:61l-3 docosahexaenoic acid (DHA), are the most important (Dore:tu l'I 
al., 1997, Table 3.6.) 









Cod liver oil 
Fish oi I concentrate 








aApproximate figures due to numerous factors such as season and food availahility which alleL"! till' fatt\ 
acid content of fish. 
hFish oil concentrate capsules vary in potency. Some provide twice as much as the figures gil'ell III thi., 
tahle. 
In the UK, fish oils are still used for the production of margarines and cooking fats 
although less than previously. Fish oils are more complex than vegetable oils and may 
contain up to 18% of fatty acids with carbon chains of 20 or more units, with one to si\ 
double bonds (compared to less than I % in vegetable oils) (International Association of 
Fish Meal Manufacturers, 1986). The variety of positional or geometric isomers which 
results from their hydrogenation is therefore wider. 
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3.5. Meat consumption and PUFA supply from meat and fish in UK 
Meat supplies 199'0 of the total intake of 11-3 PUFA overall in the UK diet. providing 
hoth preformed C20 and C22 11-3 PUFA and a-linolenic acid, their metaholic precursor 
and competitor of linoleic acid, whereas 14% comes from fish (Gregory e/ (//" 19(0). 
Enser ef (II. (1996), using the data presented in Tables 3.3. and 3.4., also showed that 
red meat contributed significantly to the per capita intake of PUFA in the l JK diet. This 
was especially true for 11-6 PUFA but was also significant for those of the 11-3 snie.., 
(Table 3.7.). The important contrihution of pork to C22:6 intake should he noted. 
Table 3.7. PUFA sUEEI~ from meat in the UK 
Pcr capita consumption, g/pcrso1l/vcllr 
Source Fatty C 18:2n-6 C 18:311-3 C20:41l-6 C20:5/l-3 C22:5fl-3 C22:()!l-.~ 
acid 
aMuscle Beef 11.5 3.4 2.9 1.3 2.1 0.2 
Lamb 5.7 3.0 1.3 1.0 1.1 0.3 
Pork 51.2 3.5 7.8 1.1 2.2 I .-t 
aAdipose tissue Beef 24.7 10.8 
Lamb 10.5 7.6 
Pork 392.6 39.2 4.8 6.0 .. L~ 
bBeef and veal 36.2 14.1 2.9 1.3 2.1 0.2 
bMutton and lamb 16.2 10.6 1.3 1.0 1.1 0.3 
Pork and bacon 443.8 42.7 7.8 1.1 6.2 5.7 
Total 496.2 67.4 12.0 3.3 9.4 6.2 
cFresh fish, white 0.9 0.8 0.7 6.1 0.5 7.0 
Elus oil~ 
Source: aCalculated using data from the Enserel (I/. (1996) and MLC consumption figuro (f\k.tl and 
Livestock Commission, 1994) assuming 20CX adipose tissue overall (Wood and Fishl'r, Il)t)()) 
bComhinecl data for muscle and adipose tissue based on assumptions above. 
CEstimated using supply data from the National Food Survey for 1993 (Ministry of Agriculture, hsileriL" 
and Food, 1994) for fresh white and oily fish and fatty acid composition data from Paul l'l (/1. ( 19S() I 1m 
cod and herring. Data for the fatty acid consumption from oily fish arc only approximate bl'C'ausl' "I 
seasonal and other effects on fat content and fatty acid composition and differences betwl'en 'IWc'll', 
Fish has been the traditional source of 1/-3 fatty acids for humans hecause vegetahlcs 
and meat are considered poor sources, Because current fish consumption in the II K is 
now, around 6.8 kg per capita (Figure 3.1.), this will not satisfy recommended intakes 
of 11-3 fatty acids. Remaining requirements must either be supplied via animal products 
with high concentrations of 1/-3 fatty acids, enrichment of foods with 1/-3 fatty acid.., or 
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supplementation with fish oil capsules. 
The British Nutrition Foundation (BNF) has made quite specific recommendation.,> for 
intake levels of EPA and DHA in its "Taskforce Report". The BNF reported that 
Western populations would benefit by increasing consumption of these fatty acids to a 
level of 0.5% of total energy. When applied to a 2500 kcal diet. this recommendation 
represents a 5-to 10-fold increase, or approximately 1.0g of EPA and DHA per day. 
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Source: Data from Grainger (1994) 
3.6. Nutritional indices in meat 
Using the survey data collected by Enser et al. (1996) (Table 3.4.) the P:S and 11-6:11-3 
ratios in the 3 main meat species are shown in Table 3.8. These show that in general 
pork has a desirable P:S ratio (i.e. >0.4) according to COMA report (1991) whereas the 
P:S ratio is low in ruminants. Cattle and sheep have favourable 11-6:11-3 PllFA ratios 
«2.0) as recommended by COMA (1991) but this is high in pork. 
Table 3.8. Fatty acid ratios in muscle related to healthy nutrition 







Source: Data from Enser et (//. (1996) recalculated using the calculation oelow. 
p:s= (C 18:211-6+ 18:31l-3) / (C 12:(l+C 14:0+C 16:(l+C 18:0). 
0.41 
7.35 
11-6:11-3=(C 18:211-6+C20:3n-6+C20:4n-6) / (C 18: 3,-3+C20:411-3+C20:)1l-3+C22:511-3+C22 :611- 3) 
The calculation of P:S and n-6:n-3 ratios as shown above, generally applies to all P:S 
and 11-6:11-3 ratio calculations in this thesis. 
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FAT DEPOSITION IN ANIMALS AND MANIPULATION OF FAT 
COMPOSITION 
4.1. Fatty acids in diets 
The fatty acid composition of dietary fat sources is varied as shown in Table 4.1. For 
example, linseed is high in CI8:3n-3, palm oil is high in C16:0 and several oil seeds 
and other plants are high in CI8:2n-6. Grass is also a significant source of CI8:3n-3. 
Fish oil is a good source of C20:5n-3 and C22:6n-3, rapeseed and sunflower are high in 
CI8:2n-6. 
Table 4.1. Fatt~ acid comEosition (% w/w) of main fat sources 
C16:0 C18:0 C18: In-9 CI8:2n-6 CI8:3n-3 
Palm oil 32-59 1-8 27-52 5-14 0-2 
Linseed 4-10 2-8 10-21 12-24 45-71 
Fish oil 10-19 1-4 9-13 1-2 1-2 
Soybean 10-13 1-5 22-31 48-55 5-9 
Grass silages 15-37 1-5 4-17 17-30 16-55 
Maize sila~es 20-55 2-6 10-23 21-43 1-3 
Source: Data from Doreau et al. (1997) 
Ruminants are herbivores, therefore lipids derived from forage crops make important, 
although small, contributions to the diet. The lipids of forages consists largely of 
glycolipids and phospholipids and their fatty acid composition is shown in Table 4.2. It 
can be seen that the fatty acid compositions of leaf lipids are dominated by the presence 
of a high proportion of unsaturated fatty acids, particularly linolenic (CI8:3) along with 
smaller amounts of linoleic (CI8:2) and oleic acid (CI8:1). 
In contrast to leaf lipids, the seed oils and the grains used in concentrates contain 
predominantly linoleic and oleic acid, which are present in triglycerides rather than in 
glycolipids and phospholipids. It can be seen from Table 4.2. how the presence of 
concentrates changes the fatty acid composition of the ruminant diet. 
The compositions of concentrates are variable, but the percentage composition of the 
total fatty acids in commercial concentrates are usually within the range: C 16:0, 15-20, 
CI8:0, 1-5, CI8:1, 25-35 and CI8:2, 30-60 (Harfoot, 1978). 
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Table 4.2. Fatty acid composition (% of total fatty acid) of various forages and 
ruminant rations 
12:0 14:0 16:0 16: 1 17:0 18:0 18:1 18:2 18:3 other 
Forages 
aMixed pasture grasses 2.9 3.3 9.4 3.0 1.5 13-19 20-25 30-39 1.4 
bMixed pasture grasses 1.1 15.9 2.5 3.4 13.2 61.3 0.5 
cClover pasture 8.9 7.9 2.8 9.5 8.1 58.9 3.9 
dRations 
Concentrates 0.1 1.1 15.0 2.9 0.5 0.4 13.2 57.6 6.2 3.0 
Source: Data from aOarton (1959), bOarton (1 960),cShorland et al. (1970) and cViviani (1970). 
4.2. Events in the rumen 
Lipid metabolism in the rumen has been reviewed by Keeney (1970), Lough (1970), 
Viviani (1970), Dawson and Hemington (1974) and Harfoot (1978). In ruminants the 
microbial processes in the rumen substantially modify the composition of the fatty 
acids in dietary lipid before they are absorbed. The first step is the splitting of the fatty 
acids from the complex lipids. Before these unsaturated fatty acids can be 
hydrogenated, it is essential that lipolysis takes place and that they be in the form of 
unesterified fatty acids, the presence of a free carboxyl group is absolutely required for 
hydrogenation to take place (Kepler et at., 1970, Hazlewood et aI., 1976). 
Furthermore, the micro-organisms of the rumen are capable of lipid synthesis de novo, 
using as substrates the short-chain fatty acids produced as end-products of microbial 
carbohydrate and amino acid metabolism (Harfoot, 1978). These activities of 
hydrolysis, hydrogenation and synthesis de novo of microbial lipid in the rumen 
contribute greatly to the characteristic composition of ruminant tissue lipids (Christie, 
1978). 
As a result of these microbial transformations, the fatty acids contained in rumen lipids 
and post-ruminal digesta differ from those present in the diet (Table 4.3.). The end-
product of hydrogenation of 18-carbon fatty acids is stearic acid although when 
substantial amounts of linolenic and linoleic fatty acids are available, hydrogenation 
generally stops before this final step, leading to various cis and trans isomers of 
monoenoic fatty acids (Harfoot etat., 1973). Trans-vaccenic acid (CI8:1n-7) is a 
major component. 
Doreau and Ferlay (1994) showed in vivo that the extent of hydrogenation of linolenic 
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and linoleic fatty acids was on average about 0.80 and 0.92 respectively. Despite this 
very high hydrogenation the work of Enser et al. (1996) shows that a reasonable 
amount of linolenic fatty acid in forages may escape hydrogenation. There seems to be 
no relationship between the extent of hydrogenation and total or individual fatty acid 
intake. The form of dietary fatty acids seems also not to effect the level of 
hydrogenation. For example, the extent of hydrogenation of forage lipids is only 
slightly lower than for free oils (Ben Salem et al., 1993). However, if the oil can be 
'protected' from breakdown in the rumen, it passes direct to the small intestine for 
absorption. 
Rates of biohydrogenation in vitro also vary with concentration of substrates in the 
rumen elicited by different diets (Kellens et al., 1986). When concentrate diets are fed 
this reduces pH which may inhibit lipolysis and hydrogenation (Galbraith and Miller, 
1973, Van Nevel and Demeyer, 1996b). In studies by Demeyer and Van Nevel (1995), 
various treatment such as antibiotics, low pH (Van Nevel and Demeyer, 1996a) and 
protein source affected hydrogenation. Gerson et al. (1985) also demonstrated that 
diets rich in starch lower the pH and hence decrease lipolysis. 
Table 4.3. Fatty acid composition ( percentage by weight) of rumen contents 
and dietary Alfalfa hay 1 
Rumen Contents 
Fatty acid Alfalfa Hay Time after feeding 
0 Ihr 7hr 25 min 
16:0 33.9 26.6 30.0 30.4 
18:0 3.8 46.0 41.4 42.6 
18:2 24.0 2.8 3.9 3.4 
18:3 31.0 5.3 6.0 6.3 
Source: Data from Harfoot et al. (1973) 
The extent of hydrolysis is dependent on the nature of the lipid fed. For example, plant 
oils such as linseed oil are hydrolysed more completely, typically over 90%, than fish 
oils which may have less than 50% hydrolysis (Doreau and Ferlay, 1994). Bauchart 
(1993) reported that the extent of hydrolysis was very high for most unprotected lipids, 
at around 85 to 95%. However, as mentioned earlier on, hydrogenation can be reduced 
by giving ruminants 'protected fats' and this will be discussed under section 4.6. 
The extent to which the C20 and C22 PUFA from fish oils are hydrogenated in the 
rumen has not been extensively studied. Ashes et al. (1992) reported that very little 
hydrogenation occurred when fish oil was incubated in rumen fluid for 24h. Protein 
metabolism in the rumen is altered when fat supplements interfere with fermentation. 
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Doreau and Chilliard (1996) have shown in two separate experiments that dietary 
supplements of fish oil tend to increase digestibility in contrast to earlier work (e.g. 
Ikwuegbu and Sutton, 1982, Ashes et ai., 1992) which showed that infusion of linseed 
oil into the rumen of sheep decreased protein digestion in the rumen and was 
accompanied by decreased ammonia concentration and increased N flow to the 
duodenum. The reasons for the increased digestibility are unclear but the fact that 
rumen volatile fatty acid profile was also altered suggests a change in the rumen 
microbial ecosystem. 
Similar changes occurred when sheep were fed additional lipid as either corn oil or 
lecithin (Jenkins, 1990). Increased efficiencies of microbial protein synthesis in the 
rumen often accompany these changes in protein digestion. 
The significance of biohydrogenation to the limited range of organisms that carry out 
this process is unknown. In a very earlier study, Neiman (1954) showed that 
unsaturated fatty acids are toxic to many micro-organisms. Galbraith et al. (1971), 
Henderson (1973), Maczulak et al. (1981) also demonstrated the direct anti microbial 
effect of lipids when they added them to pure cultures of ruminal bacteria by inhibiting 
microbial growth and metabolism. 
Fatty acids are not only supplied by diets. Thus, Viviani et al. (1968) showed that 
lipids of mixed rumen bacteria comprised a high proportion of lipids and fatty acids. 
Demeyer and Hoozee (1984) pointed out that the rumen bacteria not only incorporate 
fatty acids, but also synthesise a wide variety of fatty acids notably those containing 15 
and 17 carbons although linoleic (C 18:2) fatty acid can also be synthesised. Synthesis 
occurs mainly from ruminal acetate although some branched-chain fatty acids arise 
from isobutyrate and isovalerate. 
There is therefore no doubt that due to hydrogenation and other microbial processes, 
the composition of the fatty acids leaving the rumen is very different from the 
composition of dietary fatty acids. Unlike the situation in non-ruminants, this makes 
the alteration of tissue fatty acids by diet a complex problem. 
4.3. Rumen metabolism 
The work of Harfoot (1978), Palmquist and Jenkins (1980) and Harfoot and Hazlewood 
(1988) identified two important microbial transformations in the rumen: lipolysis and 
biohydrogenation which are described briefly under section 4.2. Rumen metabolism 
will be discussed under this section. 
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When ruminants are fed dietary fat it is rapidly hydrolysed in the rumen to release fatty 
acids. The long chain fatty acids (LCFA) are then extensively biohydrogenated. PUFA 
generally have a more negative effect on ruminal digestion than saturated or mono 
unsaturated fatty acids due to a more negative effect on bacterial growth (Maczulak et 
ai., 1981). 
Hydrolysis and Biohydrogenation 
Biohydrogenation occurs at a slower rate than lipolysis, and only occurs on free fatty 
acids adsorbed on feed particles or microbial cells and starts with isomerisation, the 
initial step in biohydrogenation (Kepler et ai, 1970, Harfoot, 1978, Figure 4.1. and 
Figure 4.2.). Fatty acids are reduced by hydrogenases via different pathways (Harfoot 
and Hazlewood, 1988). However, when the rumen is overloaded with lipids, various 
cis and trans isomers of monoenoic and dienoic fatty acids are accumulated in the 
rumen (Harfoot et aI., 1973). Thus the trans-II bond is formed by action of the 
isomerase, then hydrogenation of the cis-9 bond in CI8:2n-6 occurs which is the first 
step in the reaction of the biohydrogenation pathway of C 18:2n-6 (Figure 4.2.) 
The presence in ruminal fluid of feed particles allows complete biohydrogenation of 
C 18 PUFA to the end product C18:0 stearic acid (Kellens et al., 1986). However, this is 
inhibited irreversibly by large amounts of CI8:2n-6 (Harfoot et ai, 1973, Harfoot and 
Hazelwood, 1988). 
The scheme for the biohydrogenation of linoleic acid is shown in Figure 4.1. 
Figure 4.1. Scheme for the biohydrogenation of linoleic acid 
cis-9, cis-12 (Linoleic acid) 
~ Isomerisation 





Source: Data from Harfoot (1978) 
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9,12 9.12.~ 9 
C18:3n-3 (cis, trans, cis) 
9.1l15 
C18:2n-6 (cis, trans) 
9,11 
~ 
C1S:l (~ans 11) 
C18:0 
Source: Data from Kepler et al. (1970) and Harfoot (1978) 
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4.4. Digestion and absorption of fatty acids (assimilation of lipids by 
the body) 
Most fatty acids reaching the small intestine will be saturated due to biohydrogenation 
in the rumen. Unsaturated fatty acids, as well as being more inhibitory to cellulolytic 
microbes in the rumen than saturated fatty acids (Palmquist, 1984 and Chalupa et ai., 
1986) also have higher digestibility in the small intestine (McLeod and Buchanan-
Smith, 1972 and Jenkins and Jenny, 1989). 
The fat digestion process is very efficient and the hydrolysis of triacylglycerols to their 
constituent fatty acids is accomplished almost entirely in the small intestine by a variety 
of digestive enzymes particularly pancreatic lipase before their assimilation by the 
body. 
Pancreatic lipase attacks triacylglycerol molecules on the large emulsion particle 
surfaces which allows interaction. Firstly, bile salt molecules accumulate on the lipid 
droplet surface, displacing other surface active constituents. The presence of the bile 
salts donates a negative charge to the oil droplets, which attracts colipase to the surface. 
Therefore, the pancreatic lipase is attracted and anchored to the droplets surfaces by 
colipase. Thus, bile salts, colipase and pancreatic lipase interact in a complex which 
also contains calcium ions that are necessary for the full lipolytic activity. 
The digestion products pass into mixed micelles. The main components are 
monoacylglycerols, Iysophospholipids and fatty acids. In ruminants, monoacylglycerol 
is at a low concentration in the digestion mixture. The mixed micelles in ruminants are 
therefore composed largely of nonesterified fatty acids, Iysophospholipids and bile 
salts. 
4.5. Effects of dietary fatty acids on fatty acid composition of tissues 
The fatty acids present in tissues are derived either directly (monogastric) or indirectly 
(ruminants) from diets. There are four main sources of fatty acids: Forages (grass), oils 
and seeds, fat supplements and fish oil in ruminant diets, and as mentioned previously 
in section 4.1. the fatty acid composition of each dietary fat source is varied and leads 
to different fatty acid composition in tissues. 
As reported in sections 3.3. and 4.3., ruminant fat tissue contains a higher proportion of 
saturated and a lower proportion of polyunsaturated fatty acids than that of non-
ruminants and this results from biohydrogenation in the rumen which convert a high 
proportion of polyunsaturated fatty acids from forage or concentrate diets into saturated 
fatty acids with fewer double bonds. However there are many reported examples of 
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tissue fatty acid composition being changed via the diet, all of which involve 
manipulation of rumen fermentation patterns. 
In the study described in Table 4.4., steers finished on grass (the fatty acids present in 
fresh grass are highly unsaturated with 60% of the oil as C18:3 and a further 13% as 
CI8:2, Christie, 1981) had higher concentrations of a-linolenic acid and all other n-3 
fatty acids than young bulls given a barley-soybean concentrate (grain-based) diet 
which had higher concentrations of linoleic acid and all other n-6 fatty acids. These 
results are similar to those obtained by Miller et al. (1981) and Marmer et ai. (1984). 
Hebeisen et al. (1993) proved in milk that cows fed either fresh grass or hay have 
higher levels of n-3 PUFAs than cows fed grass silage. 
Table 4.4. Fatty acid composition (% w/w) of muscle lipid from cattle fed 
on grass or concentrates 
Fatty acid Grass Concentrates 
C 18 :2n-6 linoleic 2.50 8.28 
C 18:3 n-3 a-linolenic 1.23 0.52 
C20:3 n-6 0.26 0.53 
C20:4 n-6 arachidonic 0.84 2.32 
C20:4 n-3 0.19 0.03 
C20:5 n-3 (EPA) 0.51 0.20 
C22:5 n-3 0.76 0.48 
C22:6 n-3 (DHA) 0.07 0.05 
Source: Data from Wood and Enser (1997) 
Willey et al. (1952) reported that feeding whole cottonseeds resulted in increased C 18:0 
in adipose tissue of slaughtered beef cattle. Chang et al. (1992) observed increased 
C14:0, C18:0 and CI8:1 in subcutaneous adipose tissue of steers fed on a com based 
finishing diet that contained 20% high oleate sunflower seeds. Several researchers have 
reported that feeding canola to cattle or sheep decreases palmitate (St John et al., 1987 
and Lough et al., 1991), increases stearate (Solomon et aI., 1991), and increases 
linolenate (Rube et al., 1989) in adipose tissue. So, feeding different sources of fat to 
ruminants affects fatty acid composition although not so much as in pigs. 
Gibney and L'Estrange (1975) showed that feeding a high level of sunflower seed oil 
(58g/kg concentrate diet) to sheep caused an increase from 2 to 7g/100g in linoleic acid 
in perirenal fat but such high fat concentrations are sometimes associated with poor 
rumen function and digestibility. The higher effects on composition without these 
undesirable consequences can be obtained if the lipid is encapsulated in protein cross-
linked with formaldehyde (Cook et ai., 1972) which will be discussed in section 4.6. 
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Australian research suggests that long-chain polyunsaturated fatty acids from fish oils 
appear to avoid rumen hydrogenation completely and are absorbed intact in the small 
intestine (Ashes et aI., 1992) as shown in Table 4.5. In this study, when a supplement 
of protected fish oil (300g/kg diet) was given to sheep, EPA and DHA were 
incorporated only into phospholipids which means that the scope for influencing total 
lipid in ruminants by feeding fish oils is less than in monogastric animals where EPA 
and DHA are incorporated into triacylglycerols as well as phospholipids (Irie and 
Sakimoto, 1992). Dawson (1991) also found efficient incorporation of EPA and DHA 
into ruminant muscle lipids. 
Table 4.5. Effects of feeding protected fish oil (PFO) to sheep on the fatty 
acid composition (g/lOOg total fatty acids) of muscle lipids 
Fatty acid Control 300g PFO/Kg 
Triacygiycerois 
C18:2n-6Iinoleic 2.6 2.3 
C18:3 n-3 a-linolenic 1.3 0.9 
C20:5 n-3 (EPA) nd nd 
C22:6 n-3 (DHA) nd nd 
Phospholipids 
CI8:2n-6linoleic 23.9 17.1 
C 18:3 n-3 a-linolenic 2.2 0.6 
C20:5 n-3 (EPA) 2.4 11.6 
C22:6 n-3 (DHA) 1.2 3.8 
Source: Data from Ashes et al. (1992). nd, not detectable. 
4.6. Fat protection 
Due to fat composition changes in the rumen, there have been many investigations to 
develop procedures which protect the fat from microbial hydrogenation. The feeding of 
oil seeds instead of their extracted oils gives a slight protection (Jenkins, 1993). 
However, Keele et ai. (1989) reported no protection from biohydrogenation of whole 
cottonseed, presumably because of mastication of the seed coats. Results were similar 
when whole sunflower seeds were fed to Holstein steers (White et ai., 1987) or when 
full-fat rapeseeds were fed to lactating cows (Murphy et ai. , 1987). Other studies (St. 
John et ai., 1987, Lough et al., 1991) showed only minor effects of oil seeds on carcass 
fatty acid composition and quality in ruminants. However, Solomon et al. (1991) fed 
whole rapeseed to lambs and successfully reduced content of saturated fatty acids in 
lean tissue. Because of these limitations, a number of procedures have been developed 
to improve the protection process. 
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A method first developed about 25 years ago involved the encapsulation of an emulsion 
of oil by formaldehyde-treated proteins (Cook et ai., 1972). This coating is disrupted in 
the abomasum, so that intestinal absorption occurs after hydrolysis of triglycerides by 
the pancreatic lipase. Ashes et al. (1979) reported that the protection is often only 
partial with this process, because of damage to the coating during mastication, and also 
because some commercial products have not been correctly prepared. We have shown 
in our own studies that the conditions of manufacture e.g. amounts of ingredients, 
pressure and temperature are very critical for optimum protection. 
More recently much emphasis has been placed on the use of calcium salts. This 
technique was proposed by Jenkins and Palmquist (1984) because the soaps produced 
from the reaction of calcium and fatty acids were claimed to be inert in the rumen. 
Thus, calcium salts of palm oil partially resisted biohydrogenation in several studies 
(Klusmeyer et al., 1991 and Wu et al., 1991). The low biohydrogenation was attributed 
to limited availability of free carboxyl groups associated with Ca salts in the rumen. A 
free carboxyl group is required for action of bacterial isomerases that initiate 
biohydrogenation. The studies of Elmeddah et at. (1991) using supplements of calcium 
soaps based on palm oil did not produce any negative effects on rumen function and 
this was attributed to extensive dissociation of Ca linoleate in the rumen when pH was 
between 6.0 and 7.0 (Sukhija and Palmquist, 1990). Therefore, Van Nevel and 
Demeyer (1996b) confirmed in vitro that rumen pH affects rumen functions. 
Another approach to limiting the release of free carboxyl groups in the rumen and, thus, 
reducing biohydrogenation is conversion of FFA to fatty acyl amides. Fotouhi and 
Jenkins (1992) and Jenkins (1995) reported that among the other protection methods 
which have been tested, only the conversion of fatty acids to fatty acyl amides has 
shown a relatively good resistance to hydrogenation. This technique is not currently 
commercially available. Protected lipids are needed that effectively resist 
biohydrogenation without interfering with ruminal fermentation or intestinal lipid 
absorption. 
4.7. Feed intake, growth rate and fat content 
If the growth rate is fast, fat deposition is increased and the concentration of PUF A is 
reduced. This is because PUFAs are preferentially deposited in the phospholipid 
fraction which is a constant amount in muscle tissue. Cattle breeds vary in their ability 
to grow and produce lean meat with different quality characteristics (Newman et at., 
1994). This variation is related to genetic differences in growth, muscle and fat 
deposition and consequently tissue composition. 
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4.8. Increasing trends towards leaner meat 
New dietary recommendations are likely to accelerate the change towards leaner meat. 
In 1982, Dransfield replicated a survey carried out first in 1955 in which people were 
asked to state their preference for four uncooked joints of beef with decreasing levels of 
fatness. Of the 1980 people questioned, 59.9% preferred the leanest joint, whereas in 
1955 only 12.4% would have chosen it. Even if fat is present on the purchased meat, it 
may not be consumed. In a survey of 1750 people in the south Midlands and north of 
England 46%, 44% and 52% of the respondents discarded beef, pork and lamb fat, 
respectively, on the plate. From this it appears that the ratio of lean to fat consumed on 
joints of meat is 10: 1 although the meat is purchased at 5: 1. A decrease in carcass 
fatness would, therefore, encourage the production of leaner meat and decrease fat 
consumption. 
The demand for leaner meat, price incentives for leaner carcasses and the high cost of 
fat deposition have all encouraged the production of leaner animals. It takes between 
four and six times as much feed to obtain each kg of adipose tissue compared with 
muscle. Despite this, in the UK, the reduction in carcass fatness of cattle and sheep has 
been much less than that in pigs over the last few years. However, if they were 
slaughtered at an average of one grade leaner than at present, the amount of fat 
removed would be more than that recommended by COMA. 
The production of leaner animals has, and will have, effects on the type of animal used 
and the way in which they are fed, and these in turn will affect the carcass lipids. 
Leaner carcasses may be obtained by slaughtering animals at a younger age, but to 
make this economically worthwhile, it is usually associated with a move to the use of 
larger breeds. Changes in diet may be used to produce leaner animals especially if 
there is an economic incentive. Forage fed cattle tend to be leaner than those raised on 
cereal-based concentrates at the same age. Castration of male cattle, sheep and pigs is 
often done for meat animals, but this is now being abandoned in the case of pigs and 
cattle since the intact animals are leaner and are better converters of feed energy to 
muscle. In order to obtain this advantage in cattle without the behavioural problems 
associated with bulls, steers may be implanted with anabolic steroid hormones or their 
analogues. However, since growth promoters of this type are now banned in the EC, a 
greater use of bulls for beef production may occur. In the US, steers are routinely 
implanted with oestrogenic growth promoters. 
Changes in production systems will not only affect the fatty acid composition but in 
turn may affect the organoleptic properties of the meat and its oxidative stability, and 
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ROLE OF LIPIDS IN MEAT QUALITY 
Lipids are important to the physical and chemical characteristics of meat and meat 
products. They contribute to many desirable sensory properties such as enhancing 
flavour and aroma (Herz and Chang, 1970) and by increasing tenderness and juiciness 
(Pearson, 1976). However, the potential for lipid oxidation and the development of 
rancid flavours are a major constraint for the shelf-life of meat. 
Lipids can contribute to meat flavour in several ways. They can act as solvents for 
extraneous taint compounds derived from the feed, from metabolism, or from chemical 
contamination. They can also break down via oxidative reactions of the fatty acids, 
such reactions give volatile odour compounds which contribute to both undesirable and 
desirable flavours. 
This chapter gives a brief definition of flavour, some basic chemistry of meat flavour, 
how flavour compounds contribute to meat flavour and aroma (i.e. lipid degradation 
and Maillard reaction) and the importance of oxidation of lipids. 
The role of intramuscular PL, triacylglycerols, haem iron and non-haem iron and 
antioxidants and prooxidants in lipid oxidation is also discussed. 
5.1. Definition and chemistry of meat flavour 
Flavour is a very important component of the eating quality of meat, encompassing the 
effects of a range of factors on the sensory attributes of cooked meat and the incidence 
of taints and off-flavours, as well as the chemical basis of desirable flavour formation. 
There has been much research aimed at understanding the chemistry of meat flavour, 
and at determining those factors during the production and processing of meat which 
influence flavour quality (Mottram, 1992a). 
Meat flavour comprises mainly the two sensations of taste and smell, although other 
sensations such as mouth feel and juiciness may also affect the overall flavour sensation. 
Flavour is an important contributor to the overall acceptability of foods, and the volatile 
components of aroma that determine the aroma attributes and contribute most to the 
characteristic flavours of meat during the cooking of meat often affect our judgement of 
a food. The total number of volatile compounds identified in cooked red meats and 
poultry exceeds one thousand (Maarse, 1989). However, Gasser and Grosch (1988) 
demonstrated that a relatively small number of compounds actually play an important 
part in the overall aroma and flavour of the cooked meat. 
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A review of the volatiles in meat reported that a much larger number had been 
identified in beef than pork, sheep meat or poultry (Table 5.1), may be because of the 
larger number of publications for beef compared with other meats (Mottram, 1991). 
Table 5.1. Total number of compounds identified in the volatiles of cooked meat 
Beef 




Source: Data from Mottram (1991) 











While receptors in the mouth can recognise four main taste sensations (sweet, salt, sour, 
and bitter) many hundreds or thousands of odours can be distinguished by the human 
nose. Thus, much of the flavour of foods is, in fact, detected in the nose as aroma and 
odour plays a major part in defining the characteristic flavour of foods. 
Raw meat has little flavour or no aroma and effectively tastes of blood. The 
characteristic flavour of cooked meat only develops after heating (Crocker, 1948), 
when a large number of chemical reactions occur between the many non-volatile 
compounds of meat. The early work on meat flavour, during the 1950s and 1960s, was 
concerned with identifying those components of meat which, on heating, gave the 
characteristic flavour. 
Although the characteristic flavour of meat develops during heating, the precursors are 
present in the raw muscle. Precursors are derived mainly from the minority 
components of muscle. Muscle comprises ca. 75% water, 19% protein, 2.5% lipid, 
1.2% carbohydrates, and 2.3% other water-soluble non-protein substances as described 
in section 3.1. (Lawrie, 1985). Meat flavour precursors are generally low molecular 
weight water-soluble components, the high molecular weight fibrillar and sarcoplasmic 
proteins being unimportant. The water-soluble fraction includes free amino acids, 
peptides, reducing sugars, vitamins, nucleotides and other nitrogenous components 
such as thiamine. Lipids contribute to flavour when they oxidise. As already shown, 
these are made up of the neutral triacylglycerol, in the intramuscular fat, and the polar 
phospholipids in the cell membranes. Adipose tissue is predominantly triacylglycerol 
but also contains connective tissue and traces of water-soluble compounds. 
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Flavour precursors in raw meat are affected by the course of post-mortem glycolysis 
and conditioning. There are also inherent differences due to species, which are 
reflected in the different flavour characteristics of the cooked meat which is described 
in more detail in section 5.3.2. 
Diet can affect the flavour precursors present in raw meat. Feed taint was once a 
widely described problem, although in most cases the underlying cause was unsuitable 
or poor quality feed. Deliberate attempts are made to enhance desirable flavour 
attributes by dietary modification but it appears that it is easier to produce poor flavour 
through inappropriate diets than to improve flavour. 
In both beef and lamb, it has been demonstrated that animals fed on high-energy 
concentrates have a different flavour from those pasture-fed. Changes have been 
associated with differences in the fatty acid composition of dietary lipids. Forage 
contains relatively high levels of n-3 fatty acids and the ratio of these to n-6 fatty acids 
is significantly higher in grass-fed than concentrate fed animals. The oxidation 
products of these different classes of fatty acids differ as a consequence of differences 
in the position of double bonds. This has a marked effect on the final flavour, that of 
grass-fed animals being described as "milky", "oily' and "sweet-gamey" compared with 
the 'cleaner' flavour of concentrate-fed animals. Terpenoids derived from chlorophyll 
via fermentation in the rumen may also contribute to the flavour of grass-fed animals. 
Flavour may also vary according to the nature of the pasture and, with lamb, distinct 
differences have been recorded between ryegrass, vetch, clover and lucerne. 
5.2. Heat-induced reactions important for flavour formation 
The reactions involved in the formation of the volatile components of meat aroma have 
been extensively reviewed by MacLeod and Seyyedain-Ardebili (1981), Baines and 
Mlotkiewicz (1984), Shahidi et al. (1986), Shahidi (1989) and Mottram (1991). 
The primary reactions occurring on heating which can lead to meat flavour include the 
thermal breakdown of individual muscle components, pyrolysis of amino acids and 
peptides, degradation of ribonucleotides, thiamine degradation, reactions between 
amino acids and carbohydrates, caramelisation of carbohydrates, interactions between 
these different reactions, interaction of sugars with amino acids or peptides, and 
thermal degradation of lipids (Mottram, 1991) and are discussed under this section. 
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5.2.1. Breakdown o/individual substances 
The degradation of sugars and amino acids alone to give volatile compounds requires 
much higher temperatures than the reaction between these two compound classes. 
While some breakdown of sugars to give furanones and furfurals may occur at the 
temperatures involved during cooking, amino acids are relatively stable and are 
unlikely to undergo pyrolysis except at the surface of grilled or roasted meat, where 
dehydration permits localised high temperatures reported by Mottram (1991). 
Thiamine (vitamin B t) is a sulphur containing compound with thiazole and pyrimidine 
ring systems. The thermal degradation of thiamine gives a variety of odorous 
compounds, some of them described as 'meaty', these include thiophenes, thiazoles, 
furans, and bicyclic heterocylic compounds (MacLeod and Seyyedain-Ardebili, 1981, 
Hartman et ai., 1984 and Mottram, 1991). 
5.2.2. Reactions between amino acids and sugars, the "Maillard Reaction" 
Maillard (1912), was the first research scientist who described the reaction between 
amino acids (or peptides) and reducing sugars. Since that time, these reactions have 
been described by many researchers, but perhaps the most definitive interpretation of its 
mechanisms was published by Hodge (1953, 1967). 
The Maillard or 'non-enzymatic browning' reaction is a complex network of reactions 
which yields both high molecular weight brown coloured products and volatile aroma 
compounds. Salter et al. (1988) and Farmer et al. (1989) both reported that the reaction 
between one amino acid and one sugar will yield well in excess of one hundred volatile 
compounds (Figure 5.1.). 
Residual sugars, either free or bound to nucleotides, free amino acids and peptides are 
the major precursors in muscle providing the heterocyclic and sulphur compounds 
which are so important in meat flavour. The thermal decomposition of amino acids and 
peptides and the caramelization of sugars normally require temperatures over ISOaC 
before aroma compounds are formed. 
The Maillard reaction between reducing sugars and amino compounds does not require 
the very high temperatures associated with sugar caramelization and peptide pyrolysis 
and readily produces aroma compounds at the temperatures associated with cooking of 
food. It is, therefore, one of the most important routes to flavour compounds in cooked 
foods. It occurs much more readily at low moisture levels and hence, in meat, flavour 
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compounds produced by the Maillard reaction tend to be associated with the portions of 
the cooking meat which have been dehydrated by the heat source. 
The carbonyl group associated with a molecule of a reducing sugar condenses with an 
amino group and the resulting Amadori product undergoes dehydration and 
deamination to give furfurals, furanones and dicarbonyl compounds (Figure 5.1.). 
These compounds may, themselves, make some contribution to meat flavour but they 
are more important as reactants for other aroma volatiles. 
An important reaction associated with the Maillard reaction is Strecker degradation 
which involves oxidative deamination of amino acids by dicarbonyl compounds. 
Cysteine is perhaps the most important flavour precursor. It readily breaks down 
during cooking to give hydrogen sulphide, ammonia and acetaldehyde either in a 
variation of the Strecker degradation or by hydrolysis. The reaction of Strecker 
degradation dicarbonyl with other intermediates of the Maillard reaction is very 
important for the formation of meat flavour volatiles including N, S, O-heterocyclics 
such as furans, pyrazines, pyroles, thiophenes, thiazoles, imidazoles, pyridines, 
oxazoles and cyclic sulphides (Vemin and Parkanyi, 1982). These heterocyclics and 
related thermally produced compounds are essential in the formation of meat flavour 
and some have been described as character impact compounds by several flavour 
chemists (MacLeod, 1986 and Mottram, 1991). 
In attempting to understand the Maillard reaction in meat flavour (and other heated 
food flavours), it is probably easiest to consider the initial reaction of the sugar and the 
amino acid as a source of dehydration products of pentose and hexose sugars, 
principally furfurals, furanones and dicarbonyl compounds. Related reactions (e.g. 
Strecker degradation) yield other simple compounds such as aldehydes, ammonia and 
hydrogen sulphide. Flavour then results from many different interactions of these 
intermediates. 
5.3. Lipid oxidation 
Lipid oxidation is an important part of flavour development although its effects are 
often considered to be negative. Some authors have said that lipid oxidation is one of 
the primary causes of loss of quality in meat and meat products during storage (Pearson 
et ai., 1977, Tichivangana and Morrissey, 1985 and Gray and Pearson, 1987). It leads 
to the production of off flavours and odours (Gray and Pearson, 1987), which lower 
consumer acceptability. In addition some of the products of lipid oxidation, including 
mal on aldehyde, have been recognised to be toxic and may lead to deteriorative 
processes in humans (Pearson et ai., 1983a). 
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Figure 5.1. Formation of meat flavour character impact compounds by Maillard 
reaction of sugars and amines which produce dehydration and fission products that react 
with Strecker degradation components to yield many N, S, O-heterocyclic compounds 
related to meaty flavour. 
Amino compound+ Reducing sugars 
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Source: Mottram, (1992) and Bailey, (1992). 
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Lipid oxidation is a process in which PUFA are attacked by highly-reactive free 
radicals and give up a loosely-bound hydrogen atom from an allcylic CH2 group 
(Kappus, 1991), leaving behind a fatty acid radical. 
The classical free radical mechanism of lipid oxidation involves initiation, propagation 
and termination (Figure 5.2.). Initiation occurs when an hydrogen atom is abstracted 
from a fatty acid molecule RH to form a lipid radical (Re). 
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Propagation involves the reaction of the lipid radical (Re) with molecular oxygen to 
form a lipid peroxy radical (ROOe). This lipid peroxy radical is, in turn, capable of 
abstracting a hydrogen atom from another unsaturated fatty acid and, hence, 
propagation. In addition, the lipid hydroperoxides (ROOH) formed may undergo 
breakdown to form lipid oxy (ROe) and hydroxy radicals (OHe) which are capable of 
initiating further oxidation. Termination involves the reaction of free radicals to form 
stable products. 
Figure 5.2. A scheme of the classified free radical mechanism of lipid oxidation 
Initiation: RH+ initiator----->Re 
Propagation: Re+ 02----->ROOe 
ROOe+RH----->ROOH+Re 
ROOH----->ROe+OHe 
Termination: ROOe+ ROOe----->ROOR+ 02 
ROOe+Re-----> ROOR 
Lipid hydroperoxides (ROOH) are readily broken down by catalysis involving metal 
ions, such as iron and copper. 
ROOH+Fe2+ -----> ROe+OH-+Fe3+ 
The alkyl radical may initiate further free radical reactions, or it may degrade to a range 
of compounds leading to off-flavour development (Figure 5.3.). 
The oxidation of lipids gives a wide range of aliphatic compounds, including both 
saturated and unsaturated hydrocarbons, alcohols, aldehydes, ketones, acids, and esters 
as well as cyclic compounds such as furans, lactones, and cyclic ketones. Many of 
these possess intense odours and contribute to the overall aromas of many foods 
(Grosch, 1982). 
Oxidative rancidity begins shortly after death, and involves the formation of a complex 
mixture of low molecular weight compounds, including aldehydes, ketones, alcohols 
etc. from the breakdown of lipid hydroperoxides (Figure 5.3., Reindl and Stan, 1982, 
Morrissey and Apte, 1988) which imparts rancid, fatty, pungent and other off-flavour 
characteristics to meat (Mottram, 1987). Lipid peroxides, the primary products of 
lipidoxidation, are colourless, odourless and tasteless (Paquette et al., 1985). These off-
flavour compounds mask desirable meat flavour compounds some of which arise from 
similar oxidation reactions or reactions between certain lipid oxidation intermediates 
with other components in meat during cooking (Drumm and Spanier, 1991). 
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Figure 5.3. Overall mechanism of lipid oxidation 
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At room temperature and even, to a lesser extent, at refrigeration and freezer 
temperatures, autoxidation can occur to give rancidity in raw meat or 'warmed-over 
flavour' or off-flavours in the final cooked product (Tims and Watts, 1958, Grosch, 
1982, Asghar et al., 1988). The term 'warmed-over flavour' was first introduced by 
Tims and Watts (1958) to describe the form of oxidative rancidity in cooked meats 
during storage. Warmed-over flavour differs from the normal rancidity encountered in 
raw meats, fatty tissues, rendered fat or lard, in that it is not apparent until the systems 
have been stored (Pearson et al., 1977). Most of the work on warmed-over flavour has 
been done on red meats, but the problem occurs equally, if not more seriously, in white 
meat such as poultry (lgene and Pearson, 1979) and fish (Tichivangana and Morrissey, 
1985). Rancidity develops slowly, during prolonged storage, while warmed-over 
flavour can develop quite rapidly and is particularly obvious in reheated cooked meats. 
The balance between the many pathways which make up lipid oxidation reactions is 
affected by the application of heat. The rate and extent of lipid oxidation are dependent 
on a number of factors. One of the factors affecting the rate of oxidation is the degree 
of un saturation of the fatty acids, polyunsaturated fatty acids are much more susceptible 
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to oxidation than monounsaturated or saturated fatty acids. Unsaturated fatty acids are 
prime targets for oxidation reactions and oxidation of unsaturated fatty acids adversely 
affect the colour, texture, nutritive value (Pearson et al., 1983b), and safety of meats 
(Addis, 1986). Oxidation in meat is also reported to be initiated in the phospholipid 
rich cell-membranes (Buckley et al., 1989). The oxidation of phospholipids, which 
contain high levels of polyunsaturated fatty acids, is thought to be responsible for 
warmed-over flavour (Tims and Watts, 1958) and seems also to contribute to desirable 
meat flavour (Allen and Foegeding, 1981 and Mottram and Edwards, 1983). Kemp et 
al. (1981) suggested that high levels of PDF As in the phospholipid fraction result in the 
development of rancidity and serious flavour problems during storage and are believed 
to be the source of the distinctive flavours identified in grass-finished beef. Poultry 
(lgene and Pearson, 1979) and fish (Tichivangana and Morrissey, 1985) muscle contain 
high levels of unsaturated fatty and are more susceptible to oxidation than the red meats 
(Allen and Foegeding, 1981). Schroeder et al. (1980), showed that steaks from 
carcasses of cattle fed all-forage (grazing) diets had limited retail acceptability and 
were scored lower for all palatability-determining characteristics than meat from grain-
finished (com and com silage) beef cattle. 
The contribution that a particular compound makes to a flavour or aroma depends on 
the concentration at which it is present. A variety of techniques are used to monitor 
lipid oxidation in meats. These include measurement of hex anal (MacDonald et al., 
1980), pentanal (Cross and Ziegler, 1965) and heptanal (Ruenger et aI., 1978) and the 
2-thiobarbituric acid (TBA) assay (Tarladgis et al., 1960). Correlations between these 
chemical measurements and taste panel detection of 'warmed-over flavour' have been 
made. 
Aldehydes are end products of lipid oxidation so oxidative changes in muscle foods are 
generally quantified by the measurement of these degradation products. In the presence 
of thiobarbituric acid (TBA) and heat, aldehydes react producing a pink coloration. 
Therefore, lipid oxidation can be measured by a method known as the TBA-test 
(Tarladgis, 1960) and susceptibility to oxidation can be measured through the TBA-
iron-ascorbate induced test (TBA-induced test) (Komburst and Mavis, 1980). The 
TBA is less specific than other assays but is simple to do and widely used as an 
indicator of lipid oxidation. The data obtained through this test is usually expressed as 
malonaldehyde mg/kg of lean tissue. In meat, correlations have been made between 
this chemical analysis and the detection of rancid flavours by trained taste panellists. 
Tarladgis (1960) found and Shahidi et al. (1987) confirmed that sensory scores and 
values obtained trough the TBA-test are linearly related. 
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TBA values of 0.5-1.0 mg malondialdhyde/kg meat are generally accepted as the 
threshold above which off-flavours are detectable by sensory evaluation (Gray and 
Pearson, 1987). 
5.3.2. Autocatalytic autooxidation 
Autocatalytic autooxidation with the production of rancid flavours and odours is the 
major cause of deterioration of meat lipids under conditions where bacterial growth 
does not occur. The two major areas in which it occurs, therefore, are in low 
temperature or frozen storage of fresh meat and in the development of warmed-over 
flavour in cooked meat. Whereas the former may take many months at freezer 
temperatures, the latter occurs within a few hours of cooking because pro-oxidants and 
lipid may become available through denaturation and removal of water, and because of 
the initiation of oxidation during cooking. 
5.4. Interactions between lipid oxidation and the Maillard reaction. 
Farmer (1990) and Whitfield (1992) have both reviewed extensively the interactions 
between lipid oxidation and the Maillard reaction. 
Interest in the role of reactions between lipid and Maillard constituents in meat was 
initiated by work investigating the role of triacylglycerols and structural phospholipids 
in the formation of meat aroma. Either the triacylglycerols only, or the total lipids 
(including the phospholipids), were extracted from meat and the aroma volatiles studied 
(Mottram and Edwards, 1983). Removal of the triacylglycerols had little effect on the 
aroma of the cooked meat or the pattern of volatile compounds observed using gas 
chromatography-mass spectrometry. However, the additional removal of phospholipids 
removed the 'meaty' character of the odour and also caused a marked alteration in the 
volatile products. Thus, it appeared that phospholipids may be important for meat 
flavour formation. In addition, the nature of the changes in volatile compounds 
suggested that the route by which phospholipids promote meat flavour may involve 
their participation in the Maillard reaction. MacLeod and Ames (1987) have also 
observed that the extraction of all lipid removed the meaty odour of cooked meat and 
increased the quantities of some Maillard products. The beneficial effect of 
phospholipids on meat flavour formation has been corroborated by studies using model 
systems, in which various lipids were reacted with the amino acid, cysteine, and the 
sugar ribose (Farmer and Mottram, 1990). Phospholipids conferred a more intense 
meaty aroma on the model systems than triacylglycerol, and also showed more 
interaction in the Maillard reaction. 
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Phosphatidylethanolamine gave a more intense meaty aroma than phosphatidyIcholine 
or a beef phospholipid fraction. This phospholipid had the highest content of highly 
unsaturated fatty acids of the ethanolamine amino group and it is believed that these 
factors may dictate the way in which phospholipids contribute to meat flavour 
formation. The amounts and proportions of the various precursors of flavour in muscle 
will dictate the progress of flavour-forming reactions and hence the flavour of the 
cooked meat. 
5.5. Compounds contributing to meat flavour 
Although more than one thousand volatile compounds have been identified from 
cooked meats, the identities of the key odour impact compounds responsible for 
desirable meat flavour have proved difficult to ascertain. Gasser and Grosch (1988) 
have established 2-methyl-3-furanthiol and bis (2-methyl-3-furyl) disulphide (Figure 
5.1.) as important contributors to odour of beef. A number of related disulphides have 
been identified amongst the volatile products of the Maillard reaction between sulphur 
containing amino acids and reducing sugars by few researchers (Misharina et aI., 1987, 
Farmer and Mottram, 1990 and Werkhoff et ai., 1990). 
Among the many aromas that can be differentiated in meat, those which are most 
clearly recognised are: fatty, species-related, roast, boiled-meat and the characteristic 
'meaty' aroma which is associated with all meats regardless of species (Mottram, 
1992a). 
5.5.1. Contribution of lipid-derived volatiles to meat aroma 
Several hundred volatile compounds including aliphatic hydrocarbons, aldehydes, 
ketones, alcohols, carboxylic acids and esters and some aromatic compounds, 
especially hydrocarbons, as well as oxygenated heterocyclic compounds such as 
lactones and alkylfurans derived from lipid have been found in cooked meat. The 
contribution of many of these compounds to the overall flavour of the cooked meat may 
be very small because their odour threshold values are relatively high. In general the 
major volatile components of cooked meat are present at concentrations in the part per 
million (mg/kg) range and the less abundant components may occur at the part per 
billion (J.1g/kg) level. Consequently, only those compounds with low odour threshold 
values are likely to contribute to meat flavour. 
An examination of the odour threshold values of different lipid derived volatiles, shows 
that those classes of compounds with low odour threshold values are aldehydes and 
unsaturated alcohols and ketones. Saturated and unsaturated aldehydes with six to ten 
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carbons are major volatile components of all cooked meats and therefore, they probably 
play an important part in meat aroma. The aroma of these aldehydes is described as 
green, fatty, tallowy and 2,4 decadienal is reported to have an aroma of fat-fried food. 
It seems likely therefore that aliphatic aldehydes contribute to the fatty flavours of 
cooked meat. 
5.5.2. Species characteristic aromas 
Early workers fractionated the precursors of flavour and concluded that 'meaty flavour', 
considered to be similar in all species, originated in the water-soluble fraction from the 
lean muscle while the species-specific flavour was derived from the lipid sources 
(Hornstein and Crowe, 1960 and Wasserman and Spinelli, 1972). However, as lean 
muscle contains some lipid, and adipose tissue some water-soluble components, it 
seems unlikely that either meaty or species-specific aromas will be formed exclusively 
in one or other component. 
Aldehydes, as major lipid degradation products, are probably involved in certain 
species characteristics. The higher proportion of unsaturated fatty acids in the 
triglycerides of pork and chicken gives more unsaturated volatile aldehydes in these 
meats and such compounds may be important in determining the specific aromas of 
these species. The removal of carbonyls from chicken volatiles has been shown to 
result in a decrease in 'chicken odour' and an increase in 'meaty odour' (Minor et aI., 
1965). Pork fat is identifiable on heating due to 'piggy', 'sour', and 'goaty' aromas, but 
beef species odour is weaker and difficult to identify (Wasserman and Spinelli, 1972). 
One of the few species-specific flavours whose origin has been established is that of 
lamb and mutton, described as 'sweaty, sour' (Wong et ai., 1975a). This characteristic 
flavour of lamb and mutton is derived from branched chain fatty acids, primarily 4-
methyloctanoic and 4-methylnonanoic (Wong et aI., 1975b), arising from metabolic 
processes in the rumen. These fatty acids are considered to be primarily responsible for 
this flavour which results in low consumer acceptance of sheep meat in many countries. 
The same compounds are considered to contribute to the odour of goat meat, fatty acid 
analyses demonstrated the presence of these acids in adipose tissue from mutton and 
goat, but little or none in beef (Wong et al., 1975c). 
5.5.3. Roast and boiled meat aromas 
Roast, boiled, savory and meaty flavours appear to be associated with heteroyclic 
compounds, especially those containing sulphur, ( e.g. pyrazines, thiazoles, thiazolines, 
oxazoles and oxazolines ) which are important flavour compounds produced in the 
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Maillard reaction where sugars and amines serve as precursors (MacLeod, 1986, 
Farmer and Patterson, 1991 and Mottram, 1991). Many of these sulphur compounds 
have low odour thresholds with sulphurous, onion-like and sometimes, meaty aromas 
(Fors, 1983), and they probably contribute to the overall flavour by providing 
sulphurous notes which form part of the aroma of boiled meat. 
5.5.4. Meaty aroma 
The search for the compounds responsible for the characteristic flavour of meat has 
made considerable progress in the past few years. The quest has focused on a class of 
heterocyclic thiols and disulphides. These have long been known to possess 'meaty' 
odour properties and low odour thresholds and their use in synthetic meat flavourings 
was patented in the early 1970s (Evers, 1971 and Van Den Ouweland and Peer, 1972). 
The meaty character of these compounds depends on the position of the thiol group and 
degree of unsaturation. Furans and thiophenes with a thiol group in the 3-position 
appear to have 'meaty' aromas, as do the disulphides formed by oxidation of furan and 
thiophene thiols while those with the thiol in the 2-position tend to be 'burnt' and 
'sulphurous' (Evers et al., 1976). The best meat-like aroma is given when there is a 
methyl group adjacent to the thiol group and the ring contains at least one double bond 
(Van Den Ouweland et al., 1989). 
Members of this class of compounds have also been detected in meat. The first of 
these, identified in cooked beef by Macleod and Ames (1986) was 2-Methyl-3-furan 
(Figure 5.1.). Recently, they have also been found in the volatiles from the reaction of 
cysteine and ribose or other carbonyl compounds (Farmer and Mottram, 1990 and 
Werkhoff et al., 1990). These thiols are readily oxidised to the corresponding 
disulphides, which were also found in model systems together with a number of mixed 
sulphides and disulphides from furan and thiophene thiols and furylmethanethiol. 
Many of these compounds were reported to have meaty aromas. 
Although compounds with these structures had been quoted in patents relating to meat 
aroma, it is only recently that such compounds have been reported in meat itself. These 
compounds have exceptionally low odour threshold values and most have distinctly 
meaty aromas, especially at low concentrations. 
Gasser and Grosch (1988) used dilution studies to locate the key odour impact 
compounds in cooked beef and concluded that but 2-Methylfuran-3-thiol and bis (2-
Methyl-3-furyl) disulphide (Figure 5.1.) are important contributors to meat flavour. 
The odour threshold value of the disulphide has been reported as 0.00002 Jlg/kg, one of 
the lowest known threshold values. 
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Recently, several other disulphides containing furyl and thienyl groups have been 
reported in the volatiles of heated beef muscle, all with a meaty character (Farmer and 
Patterson, 1991). 
Many heterocyclic disulphides have been detected in model systems containing 
cysteine and a reducing sugar (Misharina et al., 1987, Misharina and Golovnya, 1988, 
Farmer and Mottram, 1990, Werkhoff et al., 1990), such compounds frequently possess 
strong meaty aromas. The monomeric forms of these compounds may be formed either 
by the reaction of furfurals or hydroxyfuranones with H2S (Van Den Ouweland et aI., 
1975) or from the breakdown of thiamine (Werkhoff et al., 1990). The disulphides can 
then be formed by oxidation of these compounds (Farmer and Patterson, 1991). 
5.6. Effects of oxidised dietary fat 
The quality of dietary fat fed to meat-producing animals can have a significant effect on 
the oxidative stability of the post-mortem muscle. Oxidised dietary fats may give rise 
to increased oxidation products in animal tissues either by direct absorption of lipid 
oxidation products (Bergen and Draper, 1970) or indirectly through destruction and, 
consequently, reduction in the uptake of dietary antioxidants (Calabotta and Shermer, 
1985 and Monahan et al., 1992). Several studies have shown that lipid hydroperoxides 
themselves do not survive absorption through the gut but that secondary products 
arising from their breakdown are adsorbed (Bergen and Draper, 1970, Izaki, 1984 and 
Kanazawa et aI., 1985). Buckley et al. (1989) showed that feeding oxidised dietary 
corn oil to pigs significantly increased the susceptibility of pork chops to lipid 
oxidation. The authors speculated that lipid peroxides of dietary origin were directly 
responsible for the destabilization of membrane lipids. However, corn oil itself 
contains significant levels of vitamin E and the effect of the accelerated oxidation of the 
oil on vitamin E levels prior to incorporation into the diets was not determined. 
Reduced vitamin E in the diets containing oxidised oil may have been responsible for 
the increased susceptibility of the muscle to oxidation. 
Lin et al. (1989) found that muscle from chickens fed oxidised dietary sunflower oil (22 
meqlkg diet) was more susceptible to lipid oxidation than muscle from birds fed 
unoxidised oil. The detrimental effect of the oxidised oil on meat quality could be 
overcome by inclusion of increased levels of antioxidants in the diet. Sheehy et al. 
(1992) reported that the oxidative stability of chicken muscle decreased with increasing 
degree of unsaturation of the dietary lipids and following thermal oxidation of the 
dietary lipids. The increased susceptibility to oxidation could be partially offset by 
supplementation of the diets with vitamin E which will be discussed in chapter 6. 
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5.7. Intramuscular phospholipid and it's role in rancidity 
Igene et al. (1980) and Tichivangana and Morrissey (1982) showed that phospholipids 
and triacylglycerols are important in the development of rancidity in chicken and fish. 
However, they showed that the phospholipids present in the subcellular membranes 
(microsomes, mitochondria), rather than triacyglycerols, are responsible for the initial 
development of oxidised flavours in raw and cooked meat products during storage 
(Igene and Pearson, 1979). The phospholipid fraction is highly unsaturated, and 
contains fatty acids with more than two double bonds (Gray and Pearson, 1987). It is 
therefore not surprising that the phospholipid fraction contributes approximately 90% 
of the thiobarbituric-acid-reactive substances in chicken fat (Pikul et ai., 1984a,b). 
Disruption of the integrity of the muscle membrane by mincing or restructuring alters 
the compartmentalised cellular system, and facilitates the formation of free radicals for 
propagation of the oxidative reaction (Smith, 1982 and Field, 1982). This provides 
further evidence that the intracellular phospholipid fraction is the primary lipid 
component involved in oxidative changes. In pork, however, the total lipids have been 
reported to be more important than phospholipids, presumably because of the higher 
concentration of linoleic acid in pork triacylglycerols compared with those from beef 
and lamb (Wilson et ai., 1976). 
Keller and Kinsella (1973), Igene et ai. (1980) and Gokalp et ai. (1983) showed that 
there is a decrease in phospholipids and a loss of polyunsaturated fatty acids during 
frozen storage of meat. The extent of this depends on the temperature of storage and 
the saturated/unsaturated nature of the meat. The activity of phospholipase enzymes is 
also important (Keller and Kinsella, 1973 and Caldironi and Bazan, 1982). 
Igene and Pearson (1979) investigated the changes in the fatty acid composition of the 
lipids as a result of cooking. Overall, the changes were relatively small and varied 
between different phospholipids and types of muscle. In the beef muscle system, the 
proportions of dienoic and polyenoic fatty acids increased during cooking. The results 
indicated the difficulty of looking for small changes in a complex system since the low 
flavour threshold of some of the products of lipid oxidation means that only small 
quantities of fatty acids need to be degraded to produce the rancid odour or flavour. 
5.8. Intramuscular triacylglycerols 
The contributions of intramuscular triacylglycerol to tenderness and juiciness are small. 
It also seems unlikely that they contribute greatly to flavour since the cooked aroma of 
beef depends upon the presence of muscle phospholipids and not triacylglycerols as 
pointed out by Mottram and Edwards (1983). 
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Nevertheless, several authors have found positive correlations between flavour intensity 
scores given by the taste panel and total lipid concentration (e.g. Fjelkner-Modig and 
Persson, 1986 and Bejerholm, 1986) which cause some concern about reducing fat 
levels in meat too far by genetic selection and other procedures. 
5.9. Haem iron and non-haem iron 
Lipid oxidation in meats is catalysed by myoglobin, haemoglobin, cytochromes, non-
haem iron and other heavy transition metals (Tichivangana and Morrissey, 1982). 
Love (1983) reviewed the contribution of different forms of iron to lipid oxidation in 
red meats. Papers from Kanners laboratory: Harel and Kanner (1985), Kanner and 
Harel (1985), Kanner et al. (1986), Kanner et al. (1988a), Kanner et al. (l988b) and 
Kanner et al. (1988c) have presented evidence that ferrous iron is the major initiator of 
lipid oxidation and also affects the propagation stage of oxidation. 
Several papers have debated the roles of haem iron and non-haem iron in lipid 
oxidation. For example, Verma et al. (1985) compared the relative pro-oxidant activity 
of haematin pigments and inorganic iron in a lard/corn starch/egg albumin system. 
Both ferrous and ferric iron catalysed the formation of TBA reacting material, the 
former being more effective, but at equivalent iron concentration metmyoglobin was 24 
times as effective as ferric iron. Tichivangana and Morrissey (1985) used a water-
extracted muscle fibre model to compare oxidation catalysed by metal ions and 
metmyoglobin and concluded that ferrous iron was more effective than myoglobin but 
they used equal weights of catalysts so that on a molar basis the inorganic iron was 
present in at least IOO-fold excess over that in metmyoglobin. Whereas ferrous ions 
appear to be the major initiator of lipid oxidation in raw meat, non-haem iron is also 
believed to be most important in cooked meats (Love, 1983). 
Igene et al. (1979a) demonstrated that the removal of muscle pigments from meat 
decreased the TBA numbers but when the pigment was added back the TBA numbers 
increased. EDT A treatment of the extract decreased the TBA value whereas 
destruction of the haem increased it. These results are good evidence for the role of 
non-haem iron in the development of oxidation or warmed-over flavour in cooked 
meat. 
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5.10. Oxidative stability of meat as influenced by production and diet 
factors 
5.10.1. Importance of pro oxidants 
In addition to the level of unsaturated fatty acids in the product, the susceptibility of 
meats to lipid oxidation is influenced by the presence of pro-and antioxidant 
components as well. Metals such as iron, either in the form of low molecular weight 
chelates or bound to proteins (haem iron, ferritin) can act as both initiators of lipid 
oxidation and catalysts of the propagation stage of lipid oxidation once initiated 
(Hazell, 1982 and Dunford, 1987). Inorganic iron and other transition metals have also 
been proposed as either initiators or catalysts of lipid oxidation in muscle from different 
species (Love and Pearson, 1974, Harel and Kanner, 1985, Tichivangana and 
Morrissey, 1985, Rhee and Ziprin, 1987 and Decker and Welch, 1990). 
In uncooked meats, myoglobin was proposed as an initiator of lipid oxidation by a 
reaction involving autoxidation of the ferrous pigment and subsequent activation of the 
metmyoglobin by hydrogen peroxide to form a ferryl species capable of initiating lipid 
oxidation (Harel and Kanner, 1985). In cooked meats, myoglobin also contributes to 
lipid oxidation possibly through a heat-induced release of iron from the haem pigment 
(lgene et al., 1979b). 
5.10.2. Importance of antioxidants 
Antioxidants have been classified as either preventative or chain-breaking (Wayner et 
ai., 1987). Preventative antioxidants, such as the enzymes glutathione peroxidase, 
catalase and superoxide dismutase, act by reducing hydroperoxides to less reactive 
products without the production of free radicals. Glutathione peroxidase, catalase and 
superoxide dismutase act on cellular lipid peroxides, hydrogen peroxide and 
superoxide, respectively. Chain-breaking antioxidants, such as tocopherols, react with 
free radical species forming more stable products and thereby halting the lipid 
oxidation chain reaction. 
For example vitamin E protects cell membranes from oxidative damage initiated by 
pro-oxidant molecules such as hydrogen peroxide, ferric ions and hydroxyl radicals. 
Vitamin E will be discussed in more detail in chapter 6. 
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CHAPTER 6 
OVERVIEW OF VITAMIN E AND IT'S 
EFFECT ON MEAT QUALITY 
66 
OVERVIEW OF VITAMIN E AND IT'S EFFECT ON MEAT QUALITY 
6.1. Introducing vitamin E 
At the present time, there is considerable interest in the potential antioxidant activity of 
a range of naturally occurring substances, such as extracts from vegetables, fruits, 
grains, spices and herbs. 
There has been also great interest in vitamin E nutrition of animals over the past few 
years. Newer roles have been identified and beneficial effects on animal health, 
productivity, functions of the muscular, circulatory, nervous and immune systems 
(MacPherson, 1994) and on storage stability of meat and milk have been recorded for 
the inclusion of dietary levels well in excess of those traditionally used. Vitamin E, 
especially when incorporated in the diet of animals, has proved to be an efficient 
antioxidant and is acceptable to the consumer. 
This chapter will centre on the antioxidant function of vitamin E in cell membranes, 
and how supplementation of the diet of animals with vitamin E stabilises membrane 
lipids and influences the quality characteristics of meat during storage. 
6.1.1. Early history 
Vitamin E is an essential fat-soluble vitamin that was discovered by Evans and Bishop 
(1922) (Evans, 1962). They demonstrated that rats required a fat-soluble substance 
usually found in vegetable oils for normal reproduction. This was characterised and 
named vitamin E. Over the years, a large number of vitamin E deficiency signs were 
identified in animals. However, for many years vitamin E deficiency remained a 
mysterious disease without an equivalent in humans. It took over four decades after its 
discovery before it was proven that vitamin E deficiency could cause disease in 
humans. 
One of the earliest reports showing the ability of vitamin E to act as an antioxidant in 
meats was by Marusich et al. (1975). 
6.1.2. Definition and chemistry of vitamin E 
Vitamin E is the generic term for a group of lipid soluble compounds known as 
tocopherols and tocotrienols (tocols) (Sheehy et aI., 1997). All of these act as 
antioxidants to varying degrees, tocopherols have the greatest biological activity and, of 
these, a-tocopherol is the most active form in controlling oxidative processes 
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(McDowell, 1989) and in addition accounts for almost all the vitamin E activity in 
living tissue. 
The chemical structure of vitamin E is shown in Figure 6.1. The basic structure is a 2, 
methyl, 6-chromanol aromatic ring to which a saturated 16-carbon phytol chain is 
attached at C-2. The ring may be methylated at C-5, C-7 and C-8. The tocotrienols 
differ from the tocopherols in that the phytol chain contains 3 unsaturated double 
bonds. The degree of methylation of the chromanol ring results in 4 different members 
of each family, i.e. Alpha (a), Beta (~), Gamma (y) and Delta (0") (Kasparek, 1980). 
The vitamin is insoluble in water, but freely soluble in oils, fats, acetone, alcohol, 
chloroform and other fat solvents. It is very stable to heat and alkalis, slowly oxidised 
by atmospheric oxygen, but rapidly by ferric and silver salts (Emanuel and 
Lyaskovskaya, 1967). 
There are two commercial forms of a-tocopheryl-acetate: dl-a-tocopheryl acetate and 
d-a-tocopheryl acetate which is known as the most biopotent vitamin E compound 
(Hidiroglou et al., 1988 and Pryor, 1996). The former is produced by chemical 
synthesis, whilst the latter is made by the extraction of natural tocopherols from 
vegetable oil and is then acetylated to produce the acetate ester (Hidiroglou et al., 
1988). a-tocopheryl acetate is available commercially ready to be mixed into animal 
feeds. The vitamin E potency of the compound is established on the results of chemical 
assay and expressed in International Units (IU) (Matterson, 1962). 







R,= R2=R3 =CH3 
R1 = R3 = CH3 ; R2 = H 
A 1 = H ; R2 = R3 = C ~ 
R,= R2 = H ; R3 = CH3 
Tocopherol structure 
Source: Data from Kasparek (1980) 
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6.1.3. Food sources of vitamin E 
Tocopherols and tocotrienols have been found in almost every food used by man. 
Their distribution is influenced by species of animals, variety of plant, and stage of 
maturity as well as by harvesting, processing and storage. The richest sources are 
vegetable oils (Faustman et al., 1998), especially those derived from wheat germ 
(wheat germ oil, 119 mg-a-tocopherolllOOg, sunflower, 49 mg-a-tocopherol/lOOg, 
cottonseed, 44 mg-a-tocopherolIlOOg, safflower, 40 mg-a-tocopherol/lOOg, perennial-
rye grass, 31.3-36.2 mg-a-tocopheroIIlOOg (Booth, 1964). Linseed contained an 
average of 9.3 mg/lOOg of total tocopherol in the seed, with gamma-tocopherol 
representing 96-98% of the total tocopherols (Oomah et al., 1997). The level of 
tocopherol in linseed fractions is shown in Table 6.1. 
Table 6.1. The a-tocopherol and total tocopherol (a+ y+ 0) levels of various 









Sources: Data from Oomah et al. (1997) 




Meats are generally poor to moderate sources of vitamin E, containing 0.25-0.66 mg a-
tocopherol/lOOg, while fish are slightly richer sources (0.60-1.35 mg/lOOg) 
6.2. Absorption and tissue distribution of vitamin E. 
In living animals, vitamin E functions as a principal chain-breaking antioxidant in the 
cellular and sub cellular membranes, where it quenches free radicals arising during 
normal metabolism (Komburst and Mavis, 1980, McKay and King. 1980 and Burton et 
al., 1983). 
The commercial esterified forms of vitamin E (Le. a-tocopheryl-acetate) are almost 
completely hydrolysed to a-tocopherol, then absorbed by simple diffusion across the 
mucosa (Gallo-Torres, 1980). After diffusing in to the mucosal cells, tocopherol is 
bound to lipo-proteins and transported via lymph to the general circulation. 
The absorption of dietary tocopherols takes place principally through the lymphatic 
system, where they are transported within triglyceride-rich chyclomicrons (Traber et 
al., 1988) and carried to the liver. Vitamin E is then re-secreted by the liver (Bjomeboe 
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et ai., 1986), incorporated into very-low density lipoprotein (VLDL), and eventually 
transported into the cells (Bjorneboe et ai., 1987) within low-density lipoproteins 
(LDL) following recognition and uptake from the plasma by specific LDL receptors 
(Traber and Kayden, 1984). 
In addition to its presence in plasma, Vitamin E is also found in erythrocytes and 
platelets, and in fact, widely distributed throughout the body. It is most concentrated in 
cell fractions rich in membranes, such as microsomes and mitochondria (Machlin, 
1984) 
Studies with rats and pigs show that, in general, plasma and tissue concentrations of a-
tocopherol are related to the logarithm of dietary intake. In pigs, Jensen et ai. (1988) 
observed that a-tocopherol levels in liver, skeletal muscle and adipose tissue rose when 
dietary supplementation was increased from 16 to 421 mg/kg feed. 
Ruminants are unable to synthesise vitamin E and are dependent on dietary sources to 
fulfil their requirements. When vitamin E is ingested by ruminants, it is not degraded 
by ruminal micro-organisms (Roquet et ai., 1992 and Leedle et al., 1993) but becomes 
associated with dietary lipids, in the form of emulsified oil droplets. Thus the presence 
of fat in the diet is required in order for vitamin E to be absorbed effectively. This fat is 
emulsified through the release of bile from the gall bladder and the bacterial lipases in 
the rumen convert all lipid, whether triacylglycerol from added fat or glycolipids from 
grass, into free fatty acids. 
The absorption of this vitamin can also be adversely affected by the presence of high 
levels of polyunsaturated fatty acids (i.e. linoleic acid, C 18:2n-6) in the diet (Witting, 
1974 and Weber, 1981). 
It has been well established that the absorption of orally administered vitamin E is 
incomplete. Studies with rats and humans using radio-labelled tocopherol have shown 
that typically only 20% to 30% of the vitamin is absorbed (Gallo-Torres, 1980). In 
chickens, 80 % of the a-tocopherol absorbed is located in the structural parts of the cell 
(Le. mitochondria and microsomes). Moreover the efficiency of vitamin E absorption 
has been found to decrease with increasing doses of the vitamin. 
All of the compounds with vitamin E activity, tocopherols and tocotrienols, are 
hydrophobic. Thus their utilisation by biological systems depends upon the association 
with an hydrophilic compound to be able to be transported in aqueous environments 
(i.e. blood plasma, intestinal fluid and cytoplasm). The latter is accomplished by the 
attachment of the vitamin to lipoproteins which deliver it to the cell membranes where 
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is ultimately deposited (Chow, 1985). The cellular uptake of vitamin E is thought to 
involve the cellular binding and/or the intemalisation of lipo-proteins into the cell. 
a-tocopherol of beef m. longissimus dorsi is present in greatest concentration in the 
mitochondria, followed by the microsomes, in these cellular components the deposition 
of a-tocopherol increases linearly with the level of vitamin E supplementation in the 
diet (Arnold et al., 1993a). Mitochondrial and microsomal membranes of 
supplemented steers are less susceptible to induced oxidation than those from 
un supplemented animals (Arnold et al., 1993b), similar results were obtained in 
broilers (Asghar et al., 1990) and pigs (Monahan et al., 1990 and Asghar et al., 1991 a). 
6.3. Vitamin E supplementation and tissue accumulation 
Examples of the minimal vitamin E requirement in order to avoid deficiencies in 
different species of meat animals and fish which have been suggested by animal 
nutritionists are given in Table 6.2. (NRC, 1984, 1988, 1993 and 1994). In general, the 
values are small, with the obvious exceptions being those for fish. The recommended 
daily allowance of vitamin E for human adults is 12 to 15 mg/day. 













Vitamin E requirements (IUlkg diet) 
15-60 








Source: Data aNRC (1984), bNRC (1988), cNRC (1994), dNRC (1993), eGuidera et al. (1997) 
However, in recent years the use of optimal levels rather than minimum levels of 
supplementation have been recommended. For instance, Hutcheson (1991) 
recommended a daily intake of 100-200 mg/head/day as a maintenance level and 200-
800 mg/head/day when animals are exposed to the stress caused by feedlot-finishing 
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systems. Different regimes of dietary vitamin E will result in different levels of a-
tocopherol in tissues. 
The a-tocopherol content in muscle and plasma, increases in a dose and time dependent 
manner after vitamin E supplementation (Asghar et ai., 1989, Liu et ai., 1992, Arnold 
et aI., 1 993a, Njeru et ai., 1995 and Lanari et ai., 1996). 
Liu et al. (1995) suggested that the ideal vitamin E supplementation strategy for cattle 
would be to feed the vitamin at a level which increases muscle a-tocopherol 
sufficiently almost to maximise its protective effects. Attempts to saturate the muscle 
fully with a-tocopherol would be excessively costly for only a small additional benefit. 
In order to improve beef shelf life, the information available suggests that feeding 500 
mg/animal/day for 120 days prior slaughter is as effective as feeding 2500 
mg/animal/day for 40 days (Faustman et ai., 1989a,b and Vega et al., 1996). Also 
positive results have been found with a regime of 1266 mg/animal/day for 67 days 
(Arnold et al., 1992a). As a general rule, it is widely accepted that the longer the period 
and the higher the levels of supplementation, the better the tissue accumulation of this 
vitamin. 
Concentrations in fresh muscle in excess of 3.5 mg/kg a-tocopherol did not appear to 
yield any added benefit in improving colour display life and reducing lipid oxidation in 
ground beef (Faustman and Cassens, 1989c). However, muscle concentrations below 
3.5 mg/kg a-tocopherol were not sufficient to reduce pigment and lipid oxidation, thus 
the authors concluded that vitamin E levels should be maintained at 3.5 mg/kg in meat. 
Arnold et al. (l993b) proposed concentrations of 3.3 mg/kg for m.longissimus dorsi and 
3.8 mg/kg in m.gluteous biceps as the minimum concentration for a maximum 
suppression of metmyoglobin formation and lipid oxidation. Liu et al. (1995) 
recommended that cattle for the US market should be supplemented with 500IU of 
vitamin E/day for 126 days prior to slaughter in order to attain muscle a-tocopherol 
concentrations of this order. However, as already stated, this level can be achieved by 
high level supplementation for a shorter time period. 
Depending on their individual lipid content and fatty acid composition, different tissues 
accumulate different amounts of a-tocopherol (Witting, 1974 and Njeru et ai., 1995). 
In general terms vitamin E is mainly found in tissues with large quantities of fat cells, 
thus adipose tissue accounts for as much as 90 % of vitamin E in the body 
(Bauernfeind, 1980). Ingold et al. (1987) found that the turnover of a-tocopherol was 
of 7-10 days in lung and the liver but 76 days in the spinal cord, and that adipose tissue 
mobilises tocopherol at slower rates than any other tissues. 
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Arnold et al. (1993b) fed Holstein, Angus, Hereford and Charolais steers with a-
tocopheryl acetate at levels of 0, 360 and 1290 mg/animal/day for 252 days, and 
confirmed that a-tocopherol concentrations in plasma and muscles increased with each 
increment of supplementation. Arnold et al. (1993b) also supported previous 
suggestions by Faustman and Cassens (1991) that breed influences muscular deposition 
of vitamin E. 
Muscle accumulates a-tocopherol very slowly (Hidiroglou, 1988) and is higher in red 
than in white muscles (Yamauchi et al., 1984). Accumulation of a-tocopherol in m. 
psoas is higher than m. longissimus dorsi, whilst tocopherol levels on m. gluteobiceps 
are between these two muscles (l0.3, 7.90, 6.6 mg/kg, respectively) (Chan et aI., 1995). 
A similar order in a-tocopherol concentrations was reported by Lanari et al. (1996), m. 
psoas> m.gluteus medius> m.longissimus dorsi which is related to the amount of fat 
found in these tissues (Bieri, 1972). 
Differences in diet, breeds and physiological status such as age, pregnancy and disease, 
seem to influence the response to tocopherol supplementation and therefore the amount 
of a-tocopherol present in plasma and tissue Charmley et al. (1992). However, diet 
seems to be the most important factor affecting muscle a-tocopherol deposition. Grass-
fed animals have been reported to contain plasma levels of 4.3 mg/kg (Rice et ai., 
1986), whilst cattle fed a diet based mainly in corn and corn silage ranged from 1.8-3.0 
mg/ml (Arnold et al., 1992a). 
6.4. Vitamin E and meat quality 
The three sensory properties by which customers judge meat quality are appearance, 
texture, and flavour (Liu et al., 1995). The most important of these properties is the 
appearance because this strongly influences the initial decision of the customer to 
purchase or reject the product. 
One of the main factors which limits the acceptability of meat and meat products is the 
lipid and pigment oxidation (Sheehy et al., 1997). In raw meat, this results in the 
formation of brown pigments (especially in beef), increased drip losses and 
development of unacceptable odours, while in cooked and stored meats it causes off-
flavours, such as 'warmed-over' flavour. As well as having a negative impact on the 
acceptability of meats and meat products, lipid oxidation may also have food safety 
implications (Buckley et aI., 1995 and Kubow, 1992). Concerns have been expressed 
over the possible atherogenic effects of lipid oxidation products (e.g. malondialdehyde 
and cholesterol oxides) in the body (Addis and Warner, 1991). 
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Preventing lipid oxidation during processing, storage and retail display is therefore 
essential in order to maintain the quality, wholesomeness and safety of meats, and to 
ensure that customers will make repeat purchases. Therefore, many studies concerned 
with vitamin E supplementation have focused on lipid oxidation and colour stability 
(Table 6.3.) 
Table 6.3. Effect of dietary supplementation of vitamin E on meat quality in meat-
producing livestock 
Indication of meat quality and type Fresh§ Cooked§ Frozen§ Reference 
of meat 
Lipid Stability 
Beef + + + 1,2,3,4 
Lamb + na + 5,6,7 
Pork + + + 8,9,10,11 
Veal + + + 12,13 
Poultry + + + 14,15,16 
Colour Stability 
Beef + na + 1,17-19 
Lamb + na + 6,7 
Pork + na + 20,21 
Veal na na na 
Poultry + na na 22 
Source: Data from 1, Faustman et al. (1989a,b), 2, Liu et at. (1994), 3, Lanari et al. (1994), 4, Liu et 
al. (1996),5, Strohecker et at. (1997),6, Wulf et al. (1995),7, Guidera et al. (1995), 8, Buckley and 
Connolly (1980), 9, Cannon et al. (1996), 10, Monahan et al. (1990), II, Monahan et al. (1992), 12, 
Igene et al. (1976), 13, Engesteth et al. (1993), 14, Marusich et al. (1975), 15, Sheehy et al. (1993), 16, 
Lin et al. (1989), 17, Arnold et al. (1993b), 18, Lanari et al. (1993), 19, Sherbecket al. (1995), 20, 
Asghar et al. (1991a), 21, Monahan et al. (1994), 22, Sante and Lacourt (1994). §+ indicates a 
positive/desirable effect, na=not available 
6.4.1. Vitamin E and lipid oxidation 
One of the important mechanisms involved in quality deterioration of meat and meat 
products, is lipid peroxidation as discussed in section 4.2.3. 
As reported earlier, lipid oxidation in muscle foods is initiated in the highly unsaturated 
phospholipid fraction in sub cellular biomembranes (Gray and Pearson, 1987). 
Lipid hydroperoxides are unstable and are reductively cleaved in the presence of trace 
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elements to give a range of new free-radicals and other non-radical compounds 
including alkoxyl and alkyl radicals, aldehydes, ketones and a range of carboxyl 
compounds which adversely effect texture, colour, flavour, nutritive value and safety of 
muscle foods (Buckley et aI., 1995). 
Vitamin E is absorbed and incorporated into the cellular membranes of the muscle 
(Monohan et al., 1990 and Asghar et ai., 1991a) where it works as a lipid soluble 
antioxidant. 
The improved stability of oxymyoglobin with elevated concentrations of a-tocopherol 
seems to demonstrate a link between lipid oxidation and oxymyoglobin oxidation. 
Greene (1969) was one of the first investigators to show a correlation between these 
two degradative processes in meat. Several researchers also reported that lipid and 
pigment oxidation in fresh beef were interrelated (Greene, 1971, Kanner et ai., 1987, 
Faustman et ai., 1989b, Andersen et ai., 1990 and Andersen and Skibsted, 1991). More 
recently, Sherbeck et al. (1995) showed that discoloration in retail meats during display 
conditions is a combined function of muscle pigment oxidation and lipid oxidation 
occurring in membrane phospholipids. Meat is a complex food, and investigators have 
used model approaches to characterise the relationship between lipid oxidation and 
haem protein oxidation (Chan et aI., 1997). 
Although, the exact mechanism of the interaction between lipid oxidation and 
metmyoglobin formation has not been defined, attempts have been made to prevent 
pigment and lipid oxidation in meat by dietary vitamin E supplementation of poultry 
(Webb et ai., 1972, Marusich et ai., 1975, Uebersax et al., 1978 and Bartow et aI., 
1983) and pigs (Hvidsten and Astrup, 1963, Buckley and Cannolly, 1980, Whang et al., 
1986, Asghar et al., 1991a and Monahan et ai., 1992). Several studies (Okayama, 
1987, Faustman et al., 1989a,b, Arnold et ai., 1992a,b, Arnold et al., 1993a,b, 
Mitsumoto et al., 1993, Lanari et al., 1994, Taylor et aI., 1994 and Sherbeck et al., 
1995) concluded that dietary supplementation of beef steers with vitamin E effectively 
controlled the lipid oxidation and colour deterioration. Similar results have been found 
in Iamb (Wulf et al., 1995 and Guidera et al., 1997). 
Many studies have indicated that the use of different biological antioxidants, i.e., 
vitamin E and vitamin C, prevents pigment and lipid oxidation. Addition of vitamin C 
to that of vitamin E increased pigment and lipid stability in ground pork (Watts and 
Lehmann, 1952) and ground beef (Shivas et al., 1984). The combined addition of 
vitamin E plus C increased lipid stability in beef steaks (Okoyama et al., 1987). 
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6.4.2. Vitamin E and meat colour 
While discussing the effect of Vitamin E on meat colour here it is necessary to explain 
that colour of meat and the chemical states for colour development will be discussed 
fully at the end of this chapter. 
Recent experiments showed that supplementing the diet with vitamin E is effective for 
delaying colour deterioration (Faustman et al., 1989a, b, c, Mitsuru et al., 1991, Arnold 
et al., 1992a,b, Arnold et aI., 1993a,b and Sheehy et al., 1997) and, extends colour 
shelf-life. Vitamin E achieves these effects by protecting cell membranes from 
oxidative damage initiated by pro-oxidant molecules such as ferric ions and hydroxyl 
radicals. These components can directly oxidise the ferrous (Fe 2+) iron of the 
myoglobin or cause the formation of lipid peroxides which have the same oxidising 
effect over the Fe2+ (Monahan et al., 1990). 
6.4.3. Vitamin E and drip loss 
Before discussing the effects of vitamin E on drip loss it is necessary to give some brief 
information about the water in meat and the importance of drip loss in meat. 
The water of meat 
Water is quantitatively the most important component of meat comprising up to 75% of 
weight. The water content is inversely related to fat content, but is unaffected by 
protein content except in young animals. Water in meat is associated with muscle 
tissue and proteins have a central role in the mechanism of water binding. The majority 
of water (ca. 85%) is bound between the thick and thin flaments. Binding is looser than 
in the living animal and some loss, as drip, from freshly cut surfaces is inevitable, if 
undesirable. The extent of drip loss from meat is largely a function of post-mortem 
changes, predominantly those affecting the ultimate pH value of the meat and the extent 
of changes in myofibrillar volume. 
Importance of drip loss 
Meat is sold by weight and drip loss must be minimised for economic reasons. Drip is 
also unsightly to the consumer and excessive drip is a negative determinant of meat 
quality. Water-holding capacity is therefore an important quality parameter and is 
defined as the ability of meat to retain the tissue water present in its structure. Water-
holding capacity is also important with respect to the manufacturing properties of the 
meat, together with a second parameter, water-binding capacity, which is defined as the 
ability of meat to bind added water. 
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It should be appreciated that while meat of low water-holding and water-binding 
capacity is undesirable for both retail consumption and manufacturing, the converse 
does not necessarily hold true. Dark, firm, dry meat has very good water-holding and 
binding capacity, but is unacceptable to most consumers. Dark, firm, dry meat is, 
however, perfectly acceptable for some, but not all, manufacturing purposes. 
The etl'ect of dietary vitamin E on drip loss 
The ability of vitamin E to intercept free radicals before they cause oxidation of 
neighbouring molecules, is thought to be the way by which this vitamin contributes to 
membrane integrity, reducing the loss of sarcoplasmic fluids from muscular cells 
(Asghar et al., 1991a). 
Asghar et al. (1991 b) reported that frozen pork chops from pigs fed different dietary 
levels of a-tocopheryl acetate in their diet exhibited different rates of drip loss during 
thawing storage at 4°C under fluorescent light for 10 days, higher the levels of 
supplementation resulting in less drip. They suggested that a-tocopherol may act by 
preserving the integrity of cell membranes by protecting membrane phospholipids 
during storage. In a more recent study, Monahan et al. (1994) demonstrated that while 
dietary vitamin E could reduce both lipid oxidation and drip loss, these two processes 
are not directly related since drip loss increased at a more rapid initial rate than lipid 
oxidation, moreover there was a considerably big drip loss in pork from supplemented 
animals even if lipid oxidation was almost negligible. 
The effect of dietary vitamin E on drip loss (Mitsumoto et al., 1995, den Hertog-
Meischke et al., 1997) and cooking losses (Mitsumoto et al., 1995) in beef has been 
studied and results demonstrated that whilst vitamin E supplementation reduced drip 
losses during display, it also increased cooking loss ultimately reducing cooking yields. 
6.5. Other attributes of vitamin E supplementation 
Several studies have provided controversial information regarding the role of vitamin E 
in augmenting performance in cattle. Vitamin E supplementation has been shown to 
improve the growth performance of cattle new to the feedlot environment (Lee et al., 
1985 and Pehrson et al., 1991). However, other studies have shown no beneficial 
effects of dietary vitamin E on growth performance and carcass characteristics (Hill et 
al., 1986, Arnold et al., 1992a and Garber et ai, 1992). 
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Regarding the role of dietary vitamin E in enhancing immune response in beef cattle, 
data has been similarly controversial. Cipriano et al. (1982), found no improvement on 
lymphocyte stimulation by feeding vitamin E, while Reddy et al. (1986) observed 
significantly higher indices in vitamin E supplemented calves than in controls. Hill et 
ai. (1990) found that occurrence of liver abscess tended to be lower in steers finished 
with vitamin E. However, Arnold et ai. (1 992a) found that vitamin E did not have any 
effect on the presence of liver abscesses. 
Vitamin E enhances the immune system response and improves the mechanism of 
defence to a primary infection. This vitamin is also increases phagocytosis and 
antibody production against several antigens. Another beneficial effect of a-tocopherol 
on the immune system is the stimulation of glutathione peroxidase activity of 
circulating neutrophyls. 
Asghar et al. (1991a), reported a higher microbiological growth in pork chops from 
vitamin E supplemented pigs over those from un-supplemented pigs during overwrap 
display at 4°C and suggested that a possible reason was an increased water availability 
which subsequently stimulated bacterial growth, caused by the marked reduction in drip 
loss. In beef, it is known that vitamin E does not influence bacterial growth directly 
(Arnold et al., 1992b, Arnold et al., 1993a and Chan et al., 1995), but it is not known if 
the vitamin E effect will overshadow microbial growth produced by abusive storage or 
prolonged shelf-life through modified atmosphere packaging (Smith et al., 1994). 
6.6. Vitamin E supplementation and profitability 
Generally, vitamin E supplementation has not positively affected performance, carcass 
characteristics or quality and yield grades of beef cattle (Liu et ai., 1995). However, 
the potential benefits for the beef industry arising out of the ability of vitamin E to 
stabilise myoglobin could be very considerable. A study has conducted by Williams et 
ai. (1993) to assess the economic benefits of feeding cattle vitamin E to reduce losses 
associated with discoloration of fresh beef exposed to commercial retail conditions in 
three different states of the United States. The losses of original retail value due to 
discoloration discounts were 5.6% and 2% for control and vitamin E treatments 
respectively. For 450 kg of meat the extra profit would be approximately $81.00 to 
$220.00 (on average $156.00). The retail cost of vitamin E to produce weight of 
boneless beef was $6.00, therefore the cost effectiveness of vitamin E addition 
produces a return of approximately 26 to 1. In the USA the cost of feeding daily 500 
mg for 126 days is estimated to be 3 dollars per animal, and it has been calculated that 
the benefit: cost ratio would be of 4.2: 1 (National Cattlemen's Association, 1993). 
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Sherberk et al. (1995) fed cattle 500 mg/day a-tocopheryl acetate for 123 days, and 
followed their meat cuts trough the supermarket. Vitamin E supplementation decreased 
the number of discounted retail meats from 18.1 % to 3.1 % for T -bone steaks, from 
14.6% to 5.3% in round-knuckle steaks and from 17.8% to 2.3% in ground-chuck cuts, 
when compared with retail meats from un-supplemented animals. Proving that vitamin 
E supplementation can significantly improve the profitability of beef reducing the costs 
associated with discounted beef during retail display. 
As discussed before, perhaps the most important economical benefit of feeding vitamin 
E is the significant extension of colour shelf-life under refrigerated conditions. For 
example: Lanari et al. (1992) showed how meat from supplemented cattle (2200 
mg/day), bloomed for 48h and then kept frozen at -20°C, had a colour display life of 
101 days, whilst their control counterparts only lasted 1 day. However, before firm 
recommendations on optimum dietary levels can be made, further studies must be 
carried out in which the chemical measurements of lipid oxidation are related to 
sensory evaluation using trained sensory panels and untrained consumers as pointed by 
Sheehy et al. (1997). 
6.7. Colour of meat 
The colour of meat has been recognised as one of the most important characteristics 
considered by the consumer. Consumers prefer the colour of fresh red meat to be 
bright stable cherry red which is associated with the presence of oxygenated myoglobin 
(oxymyoglobin). Any variation in colour may result in reduced sales, customer 
complaints, and returned products. There are many factors that determine the colour of 
meat. The principal factors which can influence meat discoloration are biological and 
technological. Among the biological factors, the most important are: myoglobin 
content according to species, sex, age, breed, muscle type and pH. Among the 
technological factors are: the effects of diet, vitamin E supplementation, temperature 
and packing during meat retail display. 
6.7.1. Myoglobin and its chemical states 
The basic pigment of fresh meat is myoglobin and 80 to 90% of the meat colour is 
determined by the amount and the chemical state of the haem pigment myoglobin. The 
myoglobin molecule consists of a protein, the globin, and a haem group. The haem 
group contains a central iron atom which can form six bonds. 
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The colour characteristics of this pigment will depend on the chemical element which is 
bound to the haem group and the redox state of the haem-iron, the ferrous Fe2+ or the, 
oxidative stage of the ferric derivative Fe3+ (Figure 6.2., Faustman and Cassens, 
1989c) and the state of the globin. 












Myoglobin in fresh meat usually exists in three forms, the colours of which differ. All 
three forms are present in fresh meat and are in equilibrium with each other. Basically 
the purplish colour of myoglobin is the natural coloration of the muscle and gives the 
characteristic tone of the 'freshly cut' meat surface. 
When the meat is exposed to air, oxygen will bind the haem group of the myoglobin, 
producing the typical cherry red colour of oxymyoglobin considered as 'fresh beef. 
With time oxygenated myoglobin (oxymyoglobin) will be slowly oxidised by enzymes 
present in the muscle producing the undesirable brownish metmyoglobin which has an 
H20 molecule bonded and a redox state of Fe3+ which indicates that the Fe 2+ has been 
oxidised. Reduced myoglobin has reduced iron (Fe2+) and H20. The pigment is 
purple-red in colour and found in the centre of a piece of meat, where 02 is absent, and 
also in vacuum packs. 
The brightness and saturation of the red colour (oxymyoglobin) depend on the depth to 
which oxygen penetrates into the tissue and oxygenates myoglobin. The depth of this 
layer is controlled by the rate of oxygen diffusion into the meat, when oxygen reaches 
the maximum depth (6-7 mm) a minimum concentration of oxygen is attained resulting 
in the emergence of the metmyoglobin layer (Figure 6.3.). Here is where pigment 
oxidation starts forming metmyoglobin which begins to move towards the meat surface, 
darkening the translucent surface tissue. In meat held at 5°C exposed to air, the brown 
metmyoglobin band will reach the surface within 1-2 days, appearing in the form of 
external brown patches (Seideman et ai., 1984). This results in loss of perceived 
quality and is a serious problem during retail display of meat. 
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Several authors have found that with more than 20% metmyoglobin formation in beef 
consumers can detect discoloration and start to reject the meat (Hood and Riordan, 
1973, O'Keeffe and Hood, 1982). MacDougall (1982) reported that consumer 
discrimination began at 20% metmyoglobin, a distinctly brown colour was evident at 
40% metmyoglobin and brown to grey-greenish colour appeared 60%, when 
metmyoglobin was detected by spectrophotometer. Autoxidation of oxymyoglobin 
(Mb02) to metmyoglobin (MetMb) is the most important factor responsible for 
discoloration during storage (Renerre and Labas, 1987). In beef, although there are 
many factors which contribute to increase the rate of myoglobin autoxidation, 
phospholipid oxidation process is the main one (Anton et al., 1991). Differences 
between muscles lipid metabolism could partly explain intermuscular variability of 
colour stability. 






Source: Data from Faustman and Cassens (l989c) and MacDougall (1982) 
Other myoglobin-derived pigments can be present in fresh meat under specific, and 
usually uncommon, circumstances. These include the green-pigmented 
sulphamyoglobin, formed by combination of myoglobin with H2S of bacterial origin. 
Significant bacterial H2S production can occur in vacuum packed meat, especially (but 
not exclusively) if the pH value is in excess of 6.0. 
6.7.2. Colour evaluation methods 
Colour of meat has been evaluated by subjective and objective methods. Any method 
of assessing meat colour should give a value close to what the human eye actually sees. 
Subjective evaluation is done by a panel of people trained or untrained expressing their 
visual appraisal of the colour of meat. Objectively, colour stability in meat can be 
evaluated by measuring quantitative changes in meat pigments using reflectance 
spectrophotometer (Krzywicki, 1979). 
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Colour evaluation by spectrophotometer (i.e. 'CIELAB' system) is closely related to the 
differences in the proportion of oxymyoglobin and metmyoglobin present in the meat 
and has the advantage of being a non-destructive test so that it can be used to follow 
colour changes in intact beef (Hood, 1971). 
The 1976 'CIELAB' system which was created by C.LE. 'Commission Internationale 
de I'Eclairage' is a method to evaluate colour characteristics in meat. CIELAB 
(L*a*b*) is based on the opponent-colours theory of colour vision that states: A colour 
can not be both green and red at the same time, or blue and yellow at the same time. 
Single values are used to describe the colour (red/green and yellow/blue) characteristics 
of an object. 
The results are expressed as L* a* b* and are used to define a colour in a three 
dimensional space were L * is used to define lightness (light and dark ratio), a * denotes 
the red and green value, and b * the yellow and blue value. 
The lightness co-ordinate L * is often referred to as the value of the colour. The a * and 
b* co-ordinates can be used to calculate the Hue (Arch tangent of (b*/a*) expressed on 
degrees) and Saturation (Square root of [a*2+b*2]) (Commission Internationale de 
I'Eclairage (CIE), 1978) from the CIELAB values. Hue is what we would commonly 
call colour i.e. red, purple, green, yellow, blue etc. Saturation is strictly referred to as 
chroma although the terms are often used interchangeably. Saturation defines the 
purity, colourfulness, intensity of the colour or lack of dullness of colour (Warris, 
1996). MacDougall (1982) defined saturation values for beef in terms of myoglobin 
percentage: >20 are bright red, 18 are dull (20%), 14 are distinctly brown (40%) and 
<12 is brown to grey-green (60%). The value of 18 is considered to be the limit of 
shelf life. One of the advantages of this system is that it closely approximates the 
visual appreciation by the human eye (MacDougall, 1982). 
6.S. The biological factors affecting myoglobin content 
The rate of oxymyoglobin oxidation of meat is dependent on a variety of factors 
(Faustman and Cassens, 1990 and Renerre, 1990). 
6.8.1. Muscle type 
There is variation in rates of oxymyoglobin formation between different muscles. 
Therefore, muscles within the same carcass can have substantially different colour 
stability. For example, m.longissimus dorsi is the most stable, m.semitendinosus 
(silverside). m.semimemhranosus and m. vastus lateralis are of intermediate stability 
82 
whilst m.gluteus medius and, finally, m.psoas are least stable. Taylor (1972) stated 
that the depth of penetration was important in relation to discoloration because it 
masked the underlying metmyoglobin formation, which occurs initially at the 
myoglobin! oxymyoglobin interface, where the partial pressure of oxygen is optimal for 
myoglobin autoxidation. 
Liu et al., (1992), confirmed that during display rates of metmyoglobin formation 
ranked, m.gluteus medius> m.semimembranosus > m.longissimus dorsi. 
Anton et al. (1993) confirmed that both metmyoglobin formation and lipid oxidation 
were higher in m.psoas major than in m.longissimus dorsi during storage. Similarly, 
m.gluteus medius deteriorates faster and shows greater metmyoglobin values than 
m.longissimus (Faustman and Cassens, 1991 and Arnold et al., 1992a,b). O'Keefe and 
Hood (1982) demonstrated that colour deteriorated faster during storage in m.psoas 
followed by m.gluteobiceps and the most stable of the three was m.longissimus dorsi. 
Muscles with poorest colour stability have the highest oxidative activities (Renerre and 
Labas, 1987). 
Differences between muscles are thought to be caused by inherent metabolic 
characteristics from each muscle, for example myoglobin content, fatty acid 
composition and vitamin E levels (Anton et al., 1993). 
6.8.2. Species 
The content of myoglobin in muscles, and thus the colour of the meat, vanes 
considerably according to species. A dark meat such as beef, for example, contains 4-
10 mg myoglobin!g wet tissue (as much as 20 mg/g in 'old' beef), while in contrast pork 
and veal contain no more than 3 mg/g wet tissue. Differences also occur between 
animals of the same species and between muscles from the same animal. 
6.8.3. Breed, sex and age 
Meat from Holstein-cross beef steers appear to discolour faster than conventional beef 
under traditional retail conditions (Schaefer et al., 1989). Accordingly, Faustman and 
Cassens (1991), found that pure Holstein animals and their crossbreeds accumulate a 
higher percentage of metmyoglobin during storage than meat from beef breeds or beef-
crossbreeds. Likewise, older animals seem to discolour faster than younger animals 
(Renerre, 1990). 
Meat from male animals also usually contains more myoglobin than that from females. 
Myoglobin concentration increase with age. The function of myoglobin in the living 
animal is oxygen storage and levels are accordingly higher in muscles with the higher 
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work loads, leg muscles contain more myoglobin and are of darker colour, for example, 
than loin. Equally myoglobin levels in muscles of animals reared under free-range 
conditions are likely to be higher than those reared intensively. 
6.8.4. pH 
In the living animal, muscle is neutral. After death it becomes more acidic, i.e. the pH 
falls below 7. This is caused by the conversion of glycogen to lactic acid by 
glycolysis. The greater the content of glycogen in the muscle, the greater the amount of 
lactic acid formed, which reduces pH. In unstressed animals the normal ultimate pH of 
muscle is in the range of 5.5-5.7 and muscle of this pH has a normal appearance and 
texture. Pre-slaughter factors such as long term and short term stress can determine the 
ultimate pH of the meat. 
Renerre et al. (1992) stated that because the rate of oxymyoglobin autoxidation 
increases with decreasing pH and enzymatic reduction is much reduced at low pH, it is 
not surprising that, in general, muscles of low pH discolour more rapidly than those of 
high ultimate pH. Heat and low pH enhance autoxidation of myoglobin and are 
responsible for the colour fading observed in PSE (pale soft exudative) pig meat 
(Renerre and Labadie, 1996). 
In beef, pre-slaughter stress may result in dark cutting beef (DFD: Dark, Firm and Dry) 
i.e. high pH of 6.0 or more, which is translucent and more susceptible to bacterial 
spoilage particularly under vacuum. The darkening of the muscle is the result of the 
deeper penetration of light into a more hydrated, less opaque tissue, beyond the 
oxymyoglobin and thin metmyoglobin layer favouring the reflection of the purplish 
myoglobin in the light path (O'Keefe and Hood, 1982). With a pH around 5.6 the 
equilibrium between myoglobin and oxymyoglobin at the surface of meat is shifted 
towards the oxygenated form (oxymyoglobin), but when the pH values of meat are near 
6.6, a third of the surface shows reduced myoglobin (deoxymyoglobin) which is darker 
(Krzywicki, 1979). 
6.8.5. Ageing 
In studies by Arnold et al. (l992a), steaks from beef aged for 7 days at 2°C, had an 
average 4.5 days to discoloration in the control group, while steaks from vitamin E 
supplemented animals averaged 8.6 days. In steaks aged for 21 days at 2aC the time to 
discoloration was 2.2 days for the control group, while for the supplemented group the 
time for discoloration was 4.4 days. These results confirm that meat loses its colour 
stability faster with longer ageing periods regardless of the supplementation with 
vitamin E. 
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6.9. Technological factors affecting meat colour stability 
6.9.1. Diet 
A clear example of the way diet influences colour shelf-life in beef, has been described 
by Schoerder et al. (1980). In cattle fed high-energy concentrate diets steaks resisted 
discoloration over a 5 day period whilst steaks from forage fed steers on the other hand, 
became unacceptable at about 4 days of display. No apparent reason for this finding 
was given in this paper, but a possible explanation is that the fatty acid composition in 
the phospholipid fraction (cellular membranes) of forage fed beef had higher amounts 
of polyunsaturated fatty acids (Marmer et al., 1984) than beef fed concentrates, which 
are more prone to oxidation. 
6.9.2. Temperature 
High temperatures are known to decrease colour stability and promote bacterial growth 
and enhance myoglobin oxidation. Temperature control is very important because we 
want to reduce the rates of undesirable chemical reactions whatever the packaging 
system. High temperatures favour greater scavenging of oxygen by residual respiratory 
enzymes and other consuming processes such as fat oxidation, leading to low oxygen 
tension which facilitates autoxidation of myoglobin. In contrast, low temperatures 
promote penetration of oxygen into the meat surface and oxygen solubility in tissue 
fluids (Renerre and Labadie, 1996). 
Hood (1980) found that the rate of metmyoglobin accumulation increases with an 
increase in temperature within individual muscles. The magnitude of the effect 
depends on the particular muscle, being greater, in absolute terms of metmyoglobin 
accumulation, for unstable muscles such as m.psoas major and m.gluteus medius. 
Between 0 and 10·C the rate is about twice as fast in the m.psoas major as in the stable 
m.longissimus dorsi. Low temperature storage, as close to O·C as possible, is essential 
for prolonged maintenance of oxymyoglobin pigment. Bendall and Taylor (1972) 
found that storing meat in high levels of oxygen in various temperatures had a marked 
effect on the penetration of oxygen into the muscle. 
Gill (1996) postulated that metmyoglobin formation declines sharply at some 
temperatures close to O·C, while metmyoglobin reduction activities are not effected. 
The storage temperature of O·C is, in general terms, satisfactory for retail prepared fresh 
meat. It is unfortunate that controlled refrigeration at this temperature is so difficult to 
provide in retail display cabinets. 
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6.9.3. Effect of lighting 
Light plays a critical role in pigment oxidation and its energy catalyses the 
metmyoglobin formation (Hood, 1980). Red enhancing fluorescent tubes are used in 
most self service cabinets for fresh meat display, which may not be the same as those 
used for general lighting in store. For sufficiently bright display the level of 
illumination should be between 1000 and 1500 lux (Taylor and MacDougall, 1982). 
The customer in a self service situation is influenced in their selection by the 
attractiveness and the colour of the product. Fluorescent tubes used for meat include 
those with efficient light output but poor colour rendering properties, those with high-
fidelity colour-rendering properties simulating daylight and used for colour purposes, 
and those with lower colour temperature and increased red energy used for domestic 
lighting and food display (Taylor and MacDougall, 1982). 
Renerre and Labadie (1996) stated that white fluorescent light does not generally cause 
discoloration of meat to any appreciable extent but exposure to UV light is quite 
spectacular in causing desiccation of the surface of meat. Rapid myoglobin oxidation 
turns the meat brown after only a short exposure. Hood (1980) also stated that the 
effect of fluorescent light on discoloration of fresh beef is slight. 
6.10. Packaging 
Other ways to slow pigment oxidation and increase the colour shelf life of beef, are 
dependent on the packaging methodology for retail display. 
6.10.1. Overwrap packaging 
Meat packaging over the last 20 years has seen many changes. Wholesale distribution 
of vacuum-packed primals to retail stores has replaced the traditional movement of 
carcasses from the abattoir to the retail store. Until recently large retail stores prepared 
retail cuts of meat from vacuum packed primals. The majority of this meat was tray 
overwrapped in oxygen permeable films. The greatest volume of fresh meat sold in 
retail stores is retailed in trays of rigid plastic, which are overwrapped with clear plastic 
film held in place by heat sealing or cling folding. 
The overwrapping film, which may be vinyl or polythene derivative, is generally very 
thin (15 to 201J.) with a low moisture transmission rate and oxygen permeability of 
around 10.000 cc/m2-day-atm (Taylor, 1982). Display time is usually around three 
days at +4 °C before discoloration occurs, regardless of how long the meat was stored in 
vacuum packs (Roth and Clarke, 1972). 
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The choice of films for packaging meat is largely determined by their moisture and gas 
permeability and most of the films used are moisture barriers. Overwrapping film must 
have an oxygen permeability of around 5000 cc/m2-day-atm to allow sufficient 
oxygenation for an attractive red colour in meat (Sacharow, 1974). This requirement is 
sufficient in the current films that are used in retail store packing. Disadvantages of 
presenting meat in this manner are (1) the short shelf life, (2) the development of drip in 
the package, and (3) the leakage that occurs with films that leak or are punctured 
(Cornforth, 1994). 
Overwrapping films can hinder passage of gases sufficiently to cause depletion of 
oxygen in meat packages and a measurable accumulation of C02. Oxygen 
concentration is still high enough to support growth of normal aerobic spoilage 
bacteria, and the level of C02 is too low to have any positive effect on storage life. 
With good refrigeration, prepacked meat may be acceptable microbiologically for up to 
one week, but in retailing its life is limited by deterioration of the bright red colour. 
Within 1 to 3 days, depending on temperature, the layer of brown metmyoglobin which, 
in air, has formed 4 to 5 mm beneath the surface begins to thicken and, as it nears the 
surface, becomes visible to the eye (Taylor, 1985). This colour can be seen from the 
metmyoglobin layer that is 2 to 3 mm below the meat surface. At this stage the 
consumer rejects the meat. 
Retail prepared meat that is prepared at store level still uses overwrapping technology, 
the meat develops the bright red colour that consumers desire, the packaging materials 
are inexpensive and packaging equipment is available and relatively inexpensive. 
Centralised packing of meat for retail sale remains the goal of many large 
supermarkets, eliminating the costs associated with retail cutting and wrapping. This 
can only be achieved by modifying the gas atmosphere that the meat is packed in, to 
increase the shelf life of the product and maintaining its colour stability and 
microbiological status. 
6.10.2. Modified atmosphere packing 
The depth of penetration in a piece of meat is influenced by the partial pressure of 
oxygen at the surface. Meat packaged in modified atmospheric conditions containing 
60-80% of oxygen result in an oxymyoglobin layer which is more than 10-15 mm 
thick, and 40-20% carbon dioxide to prolong colour shelf life longer than 5 days, while 
in overwrapped permeable packages the oxymyoglobin layer will be 5-7 mm thick 
having a colour shelf life of 1-2 days (Taylor, 1985). So, meat lasts longer than with 
the traditional overwrap method (Renerre, 1988). 
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The machines form trays from a bottom web of film, then evacuated and gas flushed, 
followed by sealing. Materials, which are impermeable such as PVC/polythene, are 
used for the base and polyester/polyethylene for the lid. Hotchkiss and Galloway 
(1989) stated that modified air packaging is a onetime alteration of the gases 
surrounding the product during storage. The aim of the packaging method is to extend 
the keeping quality by reducing microbial growth and influencing the types of 
organisms present, and secondly, to preserve the bright red colour of oxymyoglobin. 
As shown above oxygen at concentrations near 75% penetrates almost twice as far into 
the surface of meat as it does at 21 % level in air. The resulting thicker layer of 
oxygenated tissue allows the meat to retain its bright red colour for longer. 
Modified air packing presents fresh meat at its most attractive, with maximum colour 
penetration and extended shelf life. However, the technique has several disadvantages. 
Discoloration can occur when the meat touches the surface of the container, thus 
limiting the penetration of oxygen and producing discoloured patches. In order to 
avoid contact between tray and meat, trays are usually ridged and are deep enough to 
avoid the meat coming into contact with the lid. Packaging costs are increased to meet 
these criteria. The temperature of the meat must also be considered. If the meat is 
higher than +2°C when packed, cooling is difficult due to the gas space around the meat 
(Taylor, 1985). 
Because of the basic principle of modified air packing requires oxygen to have free 
access to the meat surface to produce the bright red colour, the packages tend to be very 
large, so that they occupy excessive space in transportation and on display. The colour 
of MAP meat is optimum soon after it as been packed, if optimum eating quality is 
also required the meat must be aged for a period of time before it can be packed. This 
allows for tenderness to develop sufficiently for retail sale (Taylor, 1991). 
6.10.3. Vacuum skin packing 
Alternatives to modified atmosphere packing are available for fresh meat. Meat can be 
held in oxygen -free state so that the pigment remains in the reduced myoglobin state. 
This is termed vacuum skin packaging (VSP). Meat portions are placed onto a plastic 
tray and heating, before being vacuum drawn to cover the meat softens a second plastic 
film. The forming seals the film very closely to the meat and the presentation is very 
good with the pack taking the shape of the meat piece. 
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The plastics used in vacuum skin packing are gas barriers, the meat remains in its 
unoxygenated state until it is opened to the atmosphere. The majority of customers do 
not accept this darker colour. Taylor et ai. (1990) found that VSP meat remained 
acceptable microbiologically, for up to at least two weeks after packing, during which 
time the colour, although not red, was unchanged. However, the meat retained for at 
least 2 weeks storage at + 1 ec, its ability to develop a bright red colour when exposed to 
air. If the consumer could be persuaded to accept the purple red colour of meat in a 
vacuum pack, this technique could have considerable advantage over modified 
atmosphere packing for fresh meat. 
6.10.4. Max packing 
The packaging company, Cryovac, W.R.Grace Limited, have recently developed a 
packaging film that offers the potential for overwrapping perishable foods, such as 
fresh meat with a traditional "in store" presentation on a conventional low profile EPS 
tray, in conjunction with gas flushing systems, to extend product shelf life. The shrink 
presentation gives a freshly wrapped appearance to the pack which can be produced 













This section includes methods of assessment and techniques which apply across all 
trials. 
7.1. Slaughter 
The animals were brought to Langford the day before the planned slaughter day each 
week for the beef (Chapter 8) and lamb (Chapter 9) trials, and at the slaughter day each 
month for the Vitamin E animals (Chapter 10). The animals were given access to water 
but not food prior to slaughter. Animals were identified by ear tag numbers which were 
inserted at the different research centres, and slaughtered and dressed according to the 
ED specifications. Each carcass was given a carcass slaughter number. 
Relevant data were recorded at slaughter. This information included: Feeding regime 
used during the last 120 days, date and time of slaughter, and live weight before killing. 
Hot carcass weight was recorded about Ih after slaughter. Cold carcass weight 
excluded kidney knob and channel fat and was recorded 24h (lamb) or 48h (beef) after 
slaughter. 
7.2. Temperature control 
When the recording of temperature was required a Squirrel multi-channel temperature 
recorder (Grant Instruments Ltd., Cambridge, England) was used. Temperature was 
closely monitored during the first 24h and 48h of chilling in the lamb and beef 
carcasses because of the possibility of cold shortening. 
During ageing, temperature was maintained at 1- 2°C. In the simulated retail display 
tests, temperature was continuously recorded and was 4°C. 
7.3. pH measurement 
pH of the carcass was evaluated at 3h and 48h post-mortem for beef (Chapter 8 and 
Chapter 10) and only at 24h post-mortem for lambs (Chapter 9). pH at 24h and 48h 
were considered to be ultimate pH. The method to measure it was the 'Iodoacetate 
technique'. One gram of m.iongissimus dorsi muscle was removed from the 12th-13th 
thoracic vertebra region of the muscle and homogenised with 10 ml of 5 mM sodium 
iodoacetate solution (pH 7.0) (to prevent any further fall of the pH) using a Silverson 
homogeniser (Silverson Machines Ltd., England). The pH was measured using a glass 
electrode pH meter (pHM80, Radiometer, Copenhagen). 
92 
7.4. Carcass fatness and conformation 
Carcasses were allocated scores in a "grid" according to their fat cover and shape 
(conformation) by the same trained assessor throughout. 
The methods used were, for beef the EUROP system (Kempster et ai., 1986) as applied 
to cattle in Great Britain by the Meat and Livestock Commission (MLC, 1993, Table 
7.1.). There are five main conformation (or shape) classes: E, U, R, 0 and P according 
to the shape of carcass profiles. Classes U, 0 and P are divided into an upper (+) and 
lower (-) band. There are also five main classes (1 to 5) according to external fat cover. 
Classes 4 and 5 are divided into low (L) and high (H). 
Table 7.1. Classification grid for conformation and fatness for beef 











1 2 3 
The most common type of beef carcass is R4L 





For sheep the EUROP system (Kempster et al., 1986) is also applied to sheep carcasses 
by the Meat and Livestock Commission (MLC, 1993, Table 7.2.). 










Fat Class Increasing fatness 
... 
.... 
1 2 3L 3H 4L 4H 
The most common type of lamb carcass is in between 3H and 4L. 
Source: Data from MLC (1993) 
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There are five main conformation classes: E, U, R, 0 and P based on the thickness of 
flesh in relation to the skeleton. There are also five main classes (1 to 5) according to 
fat cover. Fat classes 3 and 4 are divided in low (L) and high (H). 
Numerical values for fatness were arrived at by multiplying the values for estimated 
subcutaneous fat by ten (Table 7.3.). For conformation, arbitrary values were assigned 
to the classes on a linear scale. 
Table 7.3. Fat cover and conformation of carcasses 
Cattle 
Fatness 
Fat class 1 2 3 4L 4H 5L 5H 
Numerical values 20 45 65 90 105 125 145 
Conformation 
Conformation class E u+ -u R 0+ -0 p+ -p 
Numerical values 155 140 115 85 55 30 20 10 
Sheep 
Fatness 
Fat class 1 2 3L 3H 4L 4H 5 
Numerical values 40 80 110 130 150 120 200 
Conformation 
Conformation class E U R 0 P 
Numerical values 5 4 3 2 1 
7.5. Packing and retail display 
In all trials, test muscles were removed from one half of the beef or lamb carcasses and 
vacuum packed in 20% nylon, 60% polyethylene vacuum bags (DIN5380, Flexivac 
Ltd.) (Bag permeability was 50 cc.m-2/day/atm for 02, 150 cc.m-2/day/atm for C02, 
7.4 g/m2 for H20 over 24h at 23°C and 75% relative humidity) on the sampling days 
then aged for the specified periods at O°C in the dark. 
Steaks from the test muscles, 25 mm thick, were either placed on polystyrene 
(polyfoam) trays, overwrapped with oxygen permeable PVC film or placed in a 
preformed base web (unplasticised PVC laminated to polythene, permeability to 
oxygen < 8-11 cc.m-2/day/atm, carbon dioxide < 13-28 cc.m2 Iday/atm, water vapour 
< 7.0- 3.5 cc.m-2/day Multivac Ltd, Swindon, UK) of modified atmosphere (MA) trays. 
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These were flushed with 75% 02 + 25% C02 on a Megapak and lidded with a high 
barrier, anti-fog top web (polyester adhesive laminated to polyethylene, permeability to 
oxygen <4.0 cc.m-2, carbon dioxide < 17.0 cc.m-2/day at 25°C and 0% relative 
humidity, water vapour < 5.0 cc.m-2/day at 38°C and 90% relative humidity, Multivac. 
Ltd, Swindon, UK) before displaying under simulated retail conditions at 4°C and 1000 
lux illumination. 
7.6. Colour evaluation. 
Colour was measured with a Minolta Chroma meter II (Minolta Camera Co, Ramsey, 
USA), calibrated daily. CIELAB L*, a* and b* colour space was used to determine 
colour (CIE, 1978, MacDougall, 1986). L* is the lightness component which is a 
measure of the "brightness" of the muscle colour, a* and b* are chromaticity 
dimensions. Pure white has an L* value of 100 and black a value of O. The a* co-
ordinate measures red-greenness. The b* represents yellowlblueness. The a* and b* 
values were used to calculate the Saturation (Square root of [a*2+b*2]) and the Hue 
angle (s) (Arch tangent of (b*/a*) expressed as degrees). Saturation is a measure of the 
intensity of a colour (colourfulness in relation to brightness). Hue is a measure of the 
colour of the muscle and is described in terms such as red, green, purple etc. For beef 
we are usually describing changes from bright red (freshly bloomed) and through dull 
red to the oxidised (spoilt) brown colours. 
Three readings were taken for each sample, at each measuring occasion, on the steak 
surface, avoiding areas of fat. Readings were taken every day at the same time. Colour 
measurements were recorded until the colour of the steaks were judged unacceptable. 
7.7. Fatty acid composition-separation of lipid classes 
The analysis of fatty acids was performed in different muscles and on feeding samples 
following the methods described by Folch et al. (1954) and Whittington et al. (1986) 
respectively. The aim of this analysis was to study the possible correlation between this 
test and vitamin E levels, colour display life and final rancidity after display. 
7.7.1. Extraction of muscle lipids. 
Samples were trimmed of visible fat and connective tissue and blended until a fine 
paste was obtained. The paste, 7.95g - 1O.05g, was weighed into a screw capped 
conical flask and 200111 of BHT (2,6-di-tert-butyl-p-cresollO mg/ml in chloroform) and 
66 ml of methanol were added and the mixture dispersed by shaking. After an 
additional 66 ml of chloroform was added, the mixture was homogenised using a 
polytron homogenizer. A further 66 ml of chloroform was added, the conical flask was 
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capped, shaken vigorously and left overnight in darkness to complete the lipid 
extraction. The next day the sample was filtered through a fibre filter paper (GFA, 
Glass Microfibre filters, Whatman International Ltd., England) using a Hartley 3 piece 
funnel. The extract was then poured in to a 250 ml screw cap measuring cylinder and 
0.58% NaCI solution (1/5 of the volume of the extract) was added, the cylinder was 
then capped, the extract and the NaCI mixed, and stored overnight in a refrigerator to 
allow the phases to separate. 
The following day the upper phase was discarded by aspiration, and 30 ml of absolute 
ethanol was added to the bottom phase to disincorporate the residual upper face. The 
flask was then capped and mixed. The sample was then transferred into a round 
bottomed flask and taken to dryness at 60°C on a rotary evaporator. An extra 30 ml of 
ethanol were then added to complete removal of water and the sample was taken again 
to dryness. Finally, approximately 10 ml of chloroform were added, rinsing carefully 
the walls of the flask and left to stand for 34 hours. Subsequently the sample was 
filtered with a Whatman GFA filter paper. Fat solution was then evaporated to 
approximately 8 ml in a water bath at 60°C under nitrogen and then transferred to a 10 
ml volumetric flask and made up to the mark with chloroform, mixed well and then 
transferred to a 10 ml soveril tube and stored at -18°C until further used. Since for the 
separation of neutral and phospholipids and for the saponification steps the amount of 
fat in the solution needs to be known, 1 ml of the lipid extract was transferred into a 
previously weighed foil dish, then allowed to dry in a fume cupboard, and weighed 
again. The following formula was then applied to obtain the weight (Dried fat + foil 
dish - foil dish)= fat weight g/ml or x 1000= mg/ml. 
7.7.2. Separation into neutral and phospholipids and saponification. 
Separation of neutral and phospholipids was done with LRC Si (600 mg) columns, set 
on a Vac Elute system, without using vacuum for the separation. The reservoirs of the 
columns were first filled with chloroform and allowed to run through by gravity. Once 
the Si from the columns became translucent and the excess of chloroform passed 
through, the sample was added (0.5 ml - 1 ml, 20 mg lipid depending on the fat weight 
of the sample). Once the sample had just disappeared into the column, a further 7.0 ml 
7.5 ml of chloroform were added to complete 10 ml in order to collect the neutral 
lipids. After the chloroform had run through, the column was then moved to another 
receiver and 2x 1 0 ml of methanol were added to collect the phospholipids. The two 
containers with methanol were evaporated under nitrogen at 60°C and combined 
together in one tube. An internal standard (C21 :0) was then added to the tubes, 1 OO~1 
to the neutral lipids and 50~1 to the phospholipids. Both samples were blown to 
dryness, and 2 ml of saponification mixture (KOH 2M, and water: methanol 1: 1 by 
volume) was added. 
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Then the samples were placed in a water bath at 60·C for one hour and frequently 
shaked. Distilled water 12 ml and petroleum ether 40-60· (PE) 5 ml were added to the 
tubes, which were vigorously shaken for one minute and centrifuged for 5 minutes. 
After centrifugation, drops of ethanol were added to break the residual emulsification 
and the tubes were left for approximately 5 minutes until the upper layer was 
translucent and thereafter the upper layer was discarded. The stages of adding PE, 
centrifuging, adding ethanol and discarding the upper layer were repeated twice more. 
After discarding the third layer, 3 ml of sulphuric acid 10M were added to the tube to 
precipitate the fatty acids which were extracted with three 5 ml washes of PE. The 
extracts were pooled and reduced to around 8-9 ml under a stream of nitrogen. Sodium 
hydrogen carbonate was added to neutralise any acid carried over from the aqueous 
phase. Anhydrous sodium sulphate was then added to absorb any water in the sample. 
The PE was poured into a clean dry tube leaving the anhydrous sodium sulphate 
behind. Samples were reduced in volume to approximately 0.5 ml of PE, and a solution 
of diazemethane in diethyl ether was added dropwise until the yellow colour persisted. 
After 10 minutes the tubes were placed in a water bath until the diazemethane had 
evaporated and then samples were blown to dryness under nitrogen and a known 
amount of PE was added, samples were centrifuged and transferred to vials and 
analysed by gas-liquid chromatography on a 60m x 0.25 mm CP Sil 88 FAME column 
(Chrompack, U.K. Ltd, London) using a split injection system as described under 
below (Whittington et al., 1986). 
Fatty acids were identified from standards and quantified using the internal standard 
after adjusting for response using standard mixtures and on-column injection of a 
limited number of samples. The C18: I trans isomers were incompletely resolved and 
are reported as a single combined value. Results for C16: I consist of both the n-7 and 
n-9 isomers but also include a branched C17:0 which eluted with CI6:ln-7. 
7.7.3. Total fat and fatty acid analysis of feed 
Fatty acids of feed, freeze dried faecal and duodenal digesta were extracted by direct 
saponification and methylated using diazomethane. Analysis was as described by 
Whittington et al. (1986) using gas liquid chromatography (GLC) on a 60 m x 0.25 mm 
i.d. Sil 88 WCOT glass capillary column (Chrompak Ltd) in a Pye 204 chromatograph 
with flame ionisation detection and helium as the carrier gas. Fatty acids were 
quantified using heneicosanoic acid methyl esters added prior to saponification as an 
internal standard. Peaks were identified using standards where available (Sigma 
Chemical Co, Ltd, Poole). Linearity of response was confirmed using a GLC-50 
monoenoic reference mixture (Supelco, Poole) and on-column injection of test sample. 
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Details of the Gas Chromatoiraphy: 
Column: 60m x 0.25 mm WCOT 
Stationary phase: Cyanopropylsilicone Chrompak CP sil 88 
Injector: 215°C Detector: 250°C Carrier: Helium 
Program: 15 min at 180°C then increase at 1.5°min-l to 220°C. 
Hold at 220°C for 8 min. 
Flame ionisation detector. 
Highly polar column phase allows separation of cis and trans isomers. 
7.S. Lipid oxidation 
To evaluate the levels of lipid oxidation in the samples two tests were performed. A 
TBA-induced-test (Vyncke, 1975 and Kornbrust and Mavis, 1980) was done 48h after 
slaughter. Secondly, a TBA-test (Tarladgis et aI., 1960) was performed on steaks after 
overwrap or modified atmosphere display. Results were expressed as amount of 
malonaldehyde (MDA, mg/kg meat). 
7.8.1. TBA·test 
The standard methodology employed for assessing lipid oxidation during storage was 
that of Tarladgis et al. (1960) modified as follows: 
Connective tissue and adjacent fat were trimmed from the m.longissimus dorsi. The 
sample was then blended well using a Moulinette food processor (France) for few 
seconds. 109 was accurately weighed out into a small beaker and 1 ml of 
butylhydroxytoluene (2,6-di-tert-butyl-p-cresol 15 mg/ml in absolute ethanol, BHT) 
added to prevent any further oxidation. 75 ml of distilled water was measured out and 
half poured in with the sample, which was then blended with a Silverson homogeniser 
and poured into a Buchi flask. The beakerlhead of the homogeniser was washed with 
the remaining water and this is poured into the flask. Also added was 1 anti foam 
tablet, 3 rnl of 2: 1 hydrochloric acid: water (50% in distilled water) as the TBA reaction 
occurs best in acidic conditions, since this releases the malonaldehyde bound to 
proteins. 
The flask was distilled on the Buchi apparatus for 6 minutes and the first 100 ml of 
distillate collected. From this, 5 ml was taken into a 125 x 16 mm saponification tube 
and 5 ml into a duplicate tube which was stored in case of error. Distillation enables 
the removal of other substances which may also react with TBA and contribute to 
absorbency. 
Between distilling each sample, a blank containing 75 ml of distilled water and 3 ml 
acid was run for 4 minutes to wash the apparatus out. Also run, were two distilling 
standards using TEP solution (1,1 ,3,3,-tetra-ethoxypropane) diluted 1 in 7.5 and 3 ml of 
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this plus 75 ml of distilled water was placed in one flask and 6 ml plus 72 ml water into 
another. BHT, acid, sulphanilamide and an anti foam tablet were also added. After 
distilling, 2 ml was taken from the 3 ml distillate and 1 ml from the 6 ml distillate and 
both made up to 5 ml with distilled water. 
A standard curve was made up using the TEP stock solution diluted 1 in 20 as shown in 
Table 7.4. 
Table 7.4. Preparation of standards for the TBA-test 























Now to each of the tubes (samples, standard curve and distilling standards) was added 5 
ml of TBA reagent in acetic acid and they were placed in a boiling water bath for 35 
minutes. After cooling, they were red at 532 nm using the blank to zero the 
spectrophotometer. 
The oxidation is assessed by using the gradient of the standard curve and the 
absorbencies of the two distilling standards to estimate recovery. 
7.8.2. TBA- induced test 
The standard methodology employed for assessing lipid oxidation 48 hours after 
slaughter was that of Kornbrust and Mavis, 1980 modified as follows: 
Tubes were labelled according to the selected incubation times i.e. 0, 50, 100, 200 and 
300 minutes. 500 III of tris-maleate buffer (80 mM, pH 7.4, pH adjusted with Maleic 
acid), 200 III of Ferrous sulphate (10 mM) and 200 III of Ascorbic acid (2 mM) reagents 
were added to each of the tubes. 
The meat sample was trimmed of external fat and connective tissue, cut into pieces of 
approximately 1 cm3 and blended in a Moulinex food processor until it was 
homogeneous (approximately 30 seconds). 
A 10% homogenate of muscle was prepared by weighing approximately 1 g (0.95g-
1.05g) into a blending tube, and immediately homogenising with 9 ml of ice cold KCl 
0.15% w/v) solution with a teflon pestle (approximately 8 passes). Immediately after 
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the homogenisation 100 III of the 10% homogenate was added to each tube, the tubes 
were gently swirled, capped and placed into the shaking water bath, set at 3TC. 
After incubation over the required time course the tubes were removed from the water 
bath. 100 III BHT (0.15mg/ml in absolute ethanol) and 2 ml TBA-TCA (tri-chloroacetic 
acid)-HCl (150g TCA, 3.75g TBA and 27.9 ml of concentrated HCI) reagent was added 
to each of the tubes. The tubes used for the determination of the absorbency value at 
incubation time zero minutes, had TBA-TCA-HCl reagent and BHT solution added 
prior to the addition of the 10% meat homogenate. After loosely replacing the caps, the 
tubes were placed in a boiling water bath (MSE) for exactly 15 minutes. The tubes were 
then cooled by plunging them in a cold water for approximately 5 minutes, after which 
they were centrifuged 2000 rpm for 15 minutes. Absorbency was determined at 532 
nM by transferring the resulting supernatant with a Pasteur pipette into a cuvette (10 
mm light path), against a blank containing all the reagents with 1.5% KCl replacing the 
homogenate. A blank sample consisting of 1.1 ml distilled water and 2 ml TBA-TCA-
HCl reagent was prepared in order to calibrate to the spectrophotometer. 
Preparation of standard curve 
The standard curve was prepared from 1,1 ,3,3-tetraethoxypropane (TEP) (0.005 mM), 
volumes ranging from 0 to 600 J..lls were added into the tubes, the volume in each tube 
was made up to 1 ml with distilled water, 2 ml TBA-TCA (tri-chloroacetic acid)-HCI 
reagent was added as was 1 ml distilled water, which replaced the BHT solution, this 
gave a standard curve ranging between 0 and 30 nmoles of malonaldehyde. 
After the addition of all the reagents, the tubes were capped, shaken and put into the 
boiling water bath for exactly 15 minutes, cooled and the absorbency read at 532 nm. 
TEP is used as a standard as solutions of malonaldehyde are unstable. Malonaldehyde 
can be obtained by acid hydrolysis of these acetals. Malonaldehyde has the formula 
(C3H402) and the molecular weight 72 (Raharjo and Sofos, 1993). Preparation of the 
standard curve makes it possible to express the results in terms of the "MDA value", 
defined as nmoles of malonaldehyde per mg of protein. 
The "MDA V ALVES" defined as nmoles of malonaldehyde (MDA) per mg of protein 
can then be calculated for the samples through the following equation: 
MDA VALVE = ( sample absorbency at 532 nm/gradient/sample weight/mg protein*) 
*Where protein is taken to be 1.8 mg/ml 
7.8.3. Vyncke TBA test 
Connective tissue and adjacent fat were trimmed from muscle. The sample was then 
blended in a Moulinex food processor for 2-3 bursts. 5 g of the sample were weighed 
into a 30 ml soveril tube followed by 15 ml 7.5% TCA containing 0.1 % EDT A and 
0.1 % propylgallate, then homogenised with a polytron for 30 seconds. 
100 
10 ml 7.5% tri-chloroacetic acid (TeA) containing 0.1 % EDT A and 0.1 % propy 19a1late 
were added in another 30 ml soveril tube for rinsing off the polytron head and then 
tipped into the first tube. 5g muscle in 25ml TeA mix was shaken well and left to 
extract for 5 to 30 minutes. Afterwards, the sample was filtered through OF A filter 
paper into a clean 30 ml soveril tube. The filtrate was mixed by pipette and then 5 ml 
was pipetted into a sap tube. 5 ml 0.02M TBA in water was added to the 5ml sample 
tube and 5 ml standard solutions, mixed, left overnight at room temperature and in the 
dark and were read next day at 532 nM. 
Standards prepared by using TEP (1, 1,3, 3,-tetra ethoxypropane) shown in Table 7.5. 
24,.11 TEP was made up to 100 ml with water which is equal to 1 mM. 1 mM diluted 1 
in 20 with TeA mixture. The results were calculated using the gradient of the standard 
curve and the absorbances of the standards to estimate recovery. The following 
formula was then applied: 
abs X 30 X 0.072 = mg/kg 
gradient sample wt(g) 
Table 7.5. Preparation of standards for the Vyncke TBA test 
nmoles/tube/5 ml 1 in 20 TEP TeA mixture 
blank 5 ml 
5 100 ~l 4.9ml 
10 200 ~l 4.8 ml 
15 300 ~l 4.7 ml 
20 400 ~l 4.6 ml 
25 5oo,.d 4.5 ml 
Source: Data from Kombrust and Mavis (1980) 
7.9. Vitamin E concentration 
Vitamin E (alpha-tocopherol) concentration was evaluated in the feed and in muscles 
after slaughter. In the present researches when the term Vitamin E is used it refers to 
alpha-tocopherol. Vitamin E was supplemented by feeding different diets with dl-a-
tocopheryl acetate (Rovimix E-50, Hoffmann-La Roche) at different concentrations, 
depending on the experiment. 
The extraction of a-tocopherol in meat was similar to the method used by Piironen et al. 
(1985) with some modifications. For the analysis of alpha tocopherol concentrations in 
feed and forages the method used was that of Hidiroglou et al. (1988). 
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Vitamin E concentrations in the extracts were measured by an HPLC 'high performance 
liquid chromatography'. HPLC was preferred from other spectroscopic methods 
because of its selectivity, sensitivity and speed of analysis. 
7.9.1. Vitamin E extraction from meat samples 
After collection, samples for Vitamin E determination were vacuum packed and kept at 
-20c C, until used. On the day of extraction, samples were defrosted and any connective 
tissue and external fat were removed. Afterwards the pieces of meat were chopped and 
finely blended. 15 grams of the blended sample were weighed into a 150 ml round 
bottomed flask, 80g of 40% glycerol in ethanol and Ig of ascorbic acid were added. 
After homogenisation for 30 seconds using a polytron, 40 mls of HPLC-grade ethanol 
and 40 ml of 50% KOH were added and the samples saponified in a boiling water bath 
under reflux for 30 minutes. The samples were cooled in ice and then transferred to a 
600 ml amber separating funnel containing 100 ml of distilled water and 20 ml of 
ethanol. Vitamin E was extracted with 100 ml of HPLC-grade hexane, with vigorous 
shaking for 30 seconds. The lower phase was extracted twice more with hexane and 
the combined upper phases were washed with successively 100 ml aliquots of distilled 
water until the sample reached pH 7.0. After that, the sample was filtered into a 150 ml 
amber round bottomed flask through a funnel containing cotton wool and a layer of 
anhydrous sodium sulphate. Samples were taken to dryness in a rotary evaporator at 
60c C, if there was water still present in the sample, 30 ml of absolute ethanol were 
added and the sample evaporated to dryness again. The residue was taken up in HPLC 
grade hexane and quantitatively transferred into a 10 ml amber volumetric flask, and 
made up to the mark with hexane. Samples were filtered with Whatman filter paper 
(0.45 Ilm) before being transferred into amber vials, ready for HPLC. 
7.9.2. Vitamin E extraction from feedstuffs 
The sample was finely chopped (grass silage) or blended (feed concentrates). 109 of 
the sample was weighed in to a 500 ml saponification flask, 80 ml of distilled water and 
2 grams of amylase added. The sample was then placed overnight in a water bath at 
37°C. The following day the aqueous sample was mixed using a polytron mixer. 
Ascorbic acid (1 g), ethanol (100 ml) and potassium hydroxide 50% (20 ml) were added 
and the flask was placed in a boiling water bath for 30 minutes. The sample was cooled 
rapidly in ice and washed into an amber separating funnel with 100 ml of hexane, 100 
ml of water and 20 ml of ethanol. The mixture was shaken vigorously for 30 seconds 
and allowed to separate. The upper layer was collected in to another separating funnel 
and the bottom layer was then extracted twice more. 
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The bulked hexane extracts were washed with 100 ml portions of distilled water, until 
free of alkali. The hexane extracts were then passed through a short column of 
anhydrous sodium sulphate into an amber round-bottomed flask and evaporated to 
dryness using a rotary evaporator at 60·C, Any last traces of water were removed by 
adding 30 ml of absolute ethanol and re-evaporating. Samples were re dissolved to 
concentrations of approximately 20 Jlg/ml alpha-tocopherol, filtered through a 0.45 !lm 
Whatman filter and transferred into amber HPLC vials, and stored at -20·C until 
analysed. Concentrations of the external standards were adjusted when required for the 
analysis of this samples. 
Table 7.6. Description of HPLC conditions for measurement of Vitamin E 
Column: 5 J..lm, Lichosorb Si 60, 25 cm X 4 mm combined with a guard 
column 204 mm Si 60, 5J..lm. 
Mobile phase: 4% 1 ,4-dioxane in hexane. Mobile phase was always prepared the day 
of analysis and filtered through a 0.45 !lm filter before being used. 
Flow rate 1.6 mllmin. 
Injection: 20 J..ll 
Detector: Fluorescence detector (Applied Biosystems) excitation 295 nm, 
emission 330 nm, fluorescence was chosen over UV detection 
because of its selectivity and sensitivity to detect tocopherols. 
Retention time: 4.9 - 5.1 minutes. 
Run time: 20 minutes. 
Calculation: By comparison with an external standard, using peak height as the 
reference. 
Standard: The external standard consisted of dl-a-tocopherol (Sigma) in 
hexane. 
The concentration of the standard solution was calculated as follow: 
E (1 %/ 1 cm) in hexane is 85, 297 nm (Rettenmaier and Schuep, 
1992). 
7.10. Drip loss 
A 25 mm thick slice of each of the muscles studied was trimmed of all associated 
adipose tissue, and then weighed and placed into a netting bag. The meat in the netting 
bag was suspended inside an inflated polythene bag and suspended in a chiller at I·C 
for 24 and 48 hours. After 24 hours muscle slices were taken out from packs, dried 
with a towel and re-weighed to find how much drip loss had occurred (Chapter 1.5) 
(Barton Gade et al., 1994). Slices were re-suspended for a further 24 hours and re-
weight to determine total drip loss over 48 hours period. 
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7.11. Flavour analysis 
Sections of m.longissimus dorsi, posterior to the ninth rib, were removed from one half 
of the beef and lamb carcasses and vacuum packed on the boning days then aged for 10 
(Chapter 8 and Chapter 9) or 15 days (Chapter 10) at ODe. Aged sections were cut into 
steaks, overwrapped and displayed at 4 DC for 5 days (Chapter 8 and Chapter 10), and 
then two sets of steaks vacuum packed again, deep frozen and kept at _20De. One set 
of steaks containing subcutaneous fat, were grilled at our division, Division of Food 
Animal Science, using the same conditions as those used for preparation of taste panel 
samples. The cooked steaks were frozen rapidly using liquid nitrogen and were 
transported frozen with two other sets of steaks to the University of Reading for flavour 
analysis. 
7.11.1. Instrumental flavour analysis 
One steak was sliced into approximately 50g pieces including fat. Each piece was 
placed in a separate 100 ml bottle fitted with an airtight, PTFE-lined screw top. The 
samples were cooked for 30 minutes at I40DC in an autoclave, one set contained the 
subcutaneous fat, other steaks were trimmed of excess fat before cooking, after which 
time they were allowed to cool. The samples were combined and minced twice, and 
40g samples were taken for volatile analysis. 
Volatile extraction 
Aroma isolates were collected on Tenax T A, using a method based on that of Madruga 
and Mottram (1995). The sample was held at 60DC for lh while nitrogen, at 40 mllmin, 
swept the volatiles onto a glass-lined, stainless steel trap (lOS mmx 3 mm i.d.) 
containing 85 mg of Tenax TA (Scientific Glass Engineering Ltd., Ringwood, 
Australia). A standard (100 ng of I,2-dichlorobenzene in 1111 of hexane) was added to 
the trap at the end of the collection and analysed by gas chromatography- mass 
spectrometry (GCMS) and excess solvent and any water retained on the trap were 
removed. All analyses were performed on a Hewlett-Packard 5972 mass spectrometer, 
fitted with a HP5890 Series II gas chromatograph and a G 1 034C Chemstation. 
Samples were also prepared by grilling to compare with those given to the taste panel. 
7.11.2. Sensory quality analysis 
Steaks were thawed overnight at room temperature, then grilled in a low level grill of a 
Tricity oven, until the internal muscle temperature of the steak reached 74 DC, as 
measured by a thermocouple probe inserted at the centre of the steaks. The steaks were 
turned every three minutes. Sensory assessments were performed by 10 female 
assessors (age range 35-60 years) who had been selected in accordance with the British 
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Standard Institution BS7667 (1993) method for the selection, training and monitoring 
of assessors. Assessors received further training relating specifically to meat following 
the principles outlined by Cross et al. (1978). 
Assessors used (1-8) category scales (Table 7.7.) to evaluate beef flavour intensity. 
abnormal flavour intensity, juiciness, texture and overall liking. Separate steaks, from 
both lamb and beef studies, were cooked as described above to develop a flavour 
profile (Table 7.8.), using O-lOOmm line scales. A few additional flavour profile 
descriptors, such as soapy, ammonia, stale and grassy, were also evaluated in lamb 
steaks. 
Table 7.7. Category scales used in the assessment of beef 
Beef Flavour/Abnormal Juiciness Texture 
Hedonic ratings 
Flavour liking/ 
Overall liking Flavour Intensity 
Extremely weak Extremely dry 
Very weak Very dry 
Moderately weak Moderately dry 
Slightly weak Slightly dry 
Slightly strong Slightly juicy 
Moderately strong Moderately juicy 
Very strong Very juicy 















Like very much 
Like extremely 
Values awarded subsequently. 
Table 7.8. Terms used in developing the flavour profile of cooked beef and lamb 
















End points Nil (tender) to Extreme (tough) 
End points Nil (dry) to Extreme (juicy) 
Amount of cooked beefllamb flavour. 
The taste associated with fresh oil and fat. 
The taste associated with raw undercooked beef lean. 
The taste associated with liver flavour. 
Tangy metal taste. 
The taste on the tongue associated with caffeine/quinine. 
The taste on the tongue associated with sugars. 
The taste associated with rancid oil and fat. 
The taste associated with fish. 
The taste associated with acids. 
The taste associated with the smell of damp cardboard. 
Flavour of overboiled green vegetables. 
End points Nil (poor) to Extreme (good). 
Toughness and Juiciness also evaluated for comparison with category scales 
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Samples were illuminated under red light to avoid appearance factor which could 
influence their assessments. 
7.12. Microbiological analysis 
This analysis was only applied to chapter 10 animals. m.longissimus dorsi steaks from 
each animal were aged for 15 days in vacuum pack and then overwrapped and 
displayed as described previously (section 7.5.). When the steaks appeared to be 
reaching the end of shelf life, they were unpacked and packed in vacuum again and 
then frozen until they have been analysed for Total Viable Counts in Plate Count Agar 
(PCA) (Oxoid CM325). 
Plating out was done as follows, 20 cm2 samples were excised from the surface of each 
m.Iongissimus dorsi steaks asceptically. The samples were transferred to a stomacher 
bag containing 20 ml of sterile peptone saline (Maximum recovery diluent, Oxoid 
CM733) and were stomached in a Stomacher 80 (Colworth, London, U.K.). Serial fold 
dilutions were prepared in peptone saline and appropriate dilutions were plated onto the 
surface of 90 mm sterile disposable petri dishes containing plate count agar (Oxoid 
CM325) using by pipette. These were incubated at 25°C for 48h and colony forming 
units per cm2 of m.longissimus dorsi surface were calculated using the method of 
weighted means (Farmiloe et al., 1954). 
7.13. Statistical analysis 
All analyses were performed using Genstat 5, (Lawes Agricultural trust, 1990), 
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THE EFFECTS OF SOURCES OF OMEGA-3 PUFA ON FATTY ACID 
COMPOSITION AND MEAT QUALITY IN BEEF 
8.1. Introduction 
The fatty acids deposited in beef muscle and fat tissues are relatively saturated, leading to 
a low polyunsaturated: saturated fatty acid ratio (P:S) in the meat of approximately 0.1 
(Enser et al., 1996), the ideal being about 0.4 (Department of Health, 1994). However, 
the ratio of n-6:n-3 fatty acids is beneficially low, approximately 2.0 which is in the 
recommended range of 1-4 (Department of Health, 1994). Thus, strategies for raising 
the P:S ratio whilst keeping n-6:n-3 low are required to improve the image of beef. This 
is best achieved by changing dietary ingredients which are known sources of long chain 
polyunsaturated fatty acids (PUF A) such as linseed or fish oils, which may escape rumen 
biohydrogenation. 
In the first of 2 trials four diets were used: a control diet which was largely saturated, a 
linseed diet rich in CI8:3n-3 (the precursor of long chain n-3 PUFAs), a fish oil diet 
(rich in C20:5n-3 (EPA) and C22:6n-3 (DHA», or a combination of linseed plus fish oil 
(1 : 1) to investigate the effects on fatty acid composition and susceptibility to lipid 
oxidation as measured by TBA values, colour shelf-life and eating quality. An 
assessment was also made of the flavour volatiles generated during cooking using 
GClMass spectrophotometer. 
In this trial, the linseed was included in the pelleted diet as whole bruised linseed. The 
intact seed coat may have provided a 'natural' protection of the CI8:3n-3 against rumen 
micro-organisms. 
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8.2. Materials and methods 
8.2.1. Experimental animals and treatments 
The experimental plan, shown in Figure 8.1., was designed to investigate the effects of 
diet (control, linseed, fish oil and linseed plus fish oil mix) on fatty acid composition and 
meat quality using a total of 32 animals with 8 animals per treatment. 
Figure 8.1. Flow chart showing details of the experimental design to assess the 
effects of four diets on fatty acid composition and meat quality 
32 Charolais-Friesian steers 
(8 animals per treatment) 
~ 
Fed for 120 days 
(
4dr Control Linseed Fish oil Linseed+Fish oil 
Slaughter Evaluation of carcass characteristics. l pH estimation at 3h and 48h 
48 h post slaughter m.longissimus dorsi was removed for initial tests 
1 Lipid oxidation Induced TBA test Fatty acid composition Vitamin E concentrations 
Ageing for 11 days at 1°C in vacuum pack 
l Drip loss 
Simulated Retail display at 4°C 
Colour deterioration during display 
TBA-test after 4,8,11 days display 
Flavour Analysis after 5 days display 
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8.2.1.1. Animals 
There were 32 Charolais-Friesian cross beef steers, with an initial live weight of 436 kg. 
These were divided into 4 treatment groups (Figure 8.1.) in a randomised block design 
according to body weight. They were weighed at weekly intervals approximately at the 
same time of the day. Animals were despatched to Bristol for slaughter on 4 occasions 
with 2 randomly selected animals from each treatment group so that the time on feed was 
the same for all treatments. 
8.2.1.2. Diets 
Animals were individually fed via Calan Broadbent gates and had free access to fresh 
water. At the beginning of the experiment, during a 14-day preliminary period, all 
animals were fed on Italian rye grass silage (second cut) and rolled barley was allocated 
individually to provide 0.3 of dry matter intake. The animals were then introduced to 
their allocated dietary treatment over a 7 day period. They were fed with ad libitum grass 
silage and concentrate (pellet) at a ratio of 60:40, on a dry matter basis. Animals were 
reared on the treatment diets for an average of 120-148 days. 
Rationale for ingredients 
The diets were chosen to provide different sources of polyunsaturated fatty acids, such as 
a-linolenic acid (CI8:3n-3), eicosapentaenoic acid (EPA, C20:5n-3) and 
docosahexaenoic acid (DHA, C22:6n-3) which are known to be beneficial for human 
health. 
The control oil source was Megalac which is relatively high in palmitic acid, C 16:0 from 
palm oil. 
The linseed was whole bruised linseed, recognised as a good source of a-linolenic acid 
(CI8:3n-3). The seed oils commonly used in diets (soya, sunflower, com) usually 
contain very high proportions of linoleic acid (C 18:2n-6) (Hilditch and Williams, 1964). 
Other oil seeds may contain palmitic (CI6:0) or oleic (CI8: 1) acids, e.g. palm oil contains 
a high proportion of C 16:0 and rapeseed is high in C 18: 1. Linseed is unusual in having 
a high proportion of C18:3n-3. 
Intact oil seeds may provide a degree of protection from biohydrogenation by microbial 
enzymes in the rumen because of the seed coat (Murphy et ai., 1990, Wood and Enser, 
1997). 
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Fish oil is a unique source of polyunsaturated fat in the human diet and is recognised as a 
good source of eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, 
C22:6n-3) (Harris, 1989). These are possibly naturally protected from biohydrogenation 
by virtue of their chain length (Ashes et al., 1992). 
Fresh grass is a good source of CI8:3n-3. Dewhurst and King (1998) showed that 
C 18:3 was about 50% of the total fatty acids of perennial ryegrass. Grass also contains 
relatively high levels of endogenous Vitamin E (Brown, 1953) therefore grass-based 
feeding systems can increase the natural intake of Vitamin E and a-linolenic acid and 
increase the deposition of n-3 PUFA (Marmer et al., 1984, Enser et al., 1998) 
Sugar beet feed, an absorbent pectin fibre source may act as a carrier (protector) for fatty 
acids through the rumen thereby decreasing biohydrogenation (Wood and Enser, 1997). 
It may also change rumen fermentation patterns to affect the flavour of meat. 
Vitamin E is an effective antioxidant which protects against meat quality deterioration 
post-mortem. This manifests itself as lipid oxidation, producing flavour changes and 
eventually off-odours and off-flavours, colour deterioration because of oxidation of 
oxymyoglobin and loss of fluid as drip. Vitamin E is natural and when fed to live 
animals is really effective as it is stored in the body at those sites where it is needed, i.e. 
in the lipid membranes. Several studies have shown that high level supplementation of 
diets protect PUF As, improves colour shelf life (Faustman et al., 1989a, Mitsuru et al., 
1991, Arnold et al., 1992a and Arnold et al., 1993a), reduces drip (Asghar et al., 1991 b, 
Mitsumoto et al., 1995 and den Hertog-Meischke et al., 1997) and changes the end 
products for flavour formation (MacLeod and Seyyedain-Ardebili, 1981 and Mottram, 
1991). 
Vitamin E, also known as a-tocopherol in its most active form, is fed as a-tocopheryl 
acetate and this has been used in these trials. This is a stable form of the vitamin and is 
converted to the free a-tocopherol during digestion and absorption. 
Diets used 
The formulation and chemical composition of the four experimental concentrates is 
shown in Tables 8.1. and 8.2. The diets were based on barley and sugar beet feed and 
contained different sources of oil included on an iso-oil and hence iso-energy basis. 
Total dietary oil was formulated to be about 6%, of which approximately 3% was from 
the experimental test oil. 
All diets had the same target Vitamin E (a-tocopheryl acetate) content, 345 IUlkg. 
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Table 8.1. Formulation of the eXEerimental diets. 
Control Linseed Fish oil Linseed+Fish oil 
Ingredient gjkg..liesh 
Barley 638 489 648 569 
Sugar beet 213 213 213 213 
Molasses 64 64 64 64 
Megalac 64 
Fish oil 54 27 
Linseed 213 106 
Premix 21 21 21 21 
Four silage samples were taken at equal intervals during the trial and evaluated for fatty 
acid composition as well as for dry matter, total N, pH and NH3 to define silage quality. 
Also, five fresh concentrate samples were analysed for Total N, pH, organic matter 
(OM), acid hydrolysis ether extract (AHEE) and fatty acids. The results are shown in 
Table 8.2. 
Table 8.2. Chemical comEosition of the eXEerimental diets. 
Silage Control Linseed Fish oil Linseed+Fish oil 
Chemical come.osition 8/ks. DM 
1 DM(glkgfresh) 25.80 904.0 902.10 906.20 901.0 
pH 3.70 
Total-N 22.60 17.40 25.0 18.60 22.10 
NH3-N 1.44 
2ADIN 0.74 0.81 0.79 0.58 0.69 
30M 921.0 927.80 933.90 941.30 933.50 
4NDF 474.90 22.50 21.80 21.10 20.60 
5ADF 282.80 86.40 108.40 92.30 97.90 
6WSC 14.50 nd nd nd nd 
7AHEE 42.70 77.30 106.50 82.40 96.90 
Acetic acid 29.60 
Idry matter, 2acid detergent indigestible nitrogen, 30rganic matter, 4neutral detergent fibre, 5acid 
detergent fibre, 6water soluble carbohydrates, 7 acid hydrolysis ether extract, nd= not determined 
The fatty acid composition of the four experimental concentrate sources and silage are 
shown in Table 8.3. The main polyunsaturated fatty acids as a percentage of total fatty 
acids are shown in Table 8.4. 
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As expected, the linseed containing diets were higher in CI8:3n-3, while fish oil 
containing diets had high levels of C20:5n-3 and C22:6n-3 (Table 8.3. and Table 8.4.). 
Table 8.4. PUFA composition of feeds (means for 4 treatments). 
CI8:2n-6Iinoleic 
CI8:3n-3 a-linolenic acid 
C20:5n-3 EPA 
C22:6n-3 DHA 
Control Linseed Fish oil Linseed+Fish oil 
18.1 
27.3 












8.2.2. Slaughter, carcass quality and meat quality assessments 
The animals were reared at the Institute of Grassland and Environmental Research. Each 
slaughter week animals were slaughtered on Tuesdays and sampled on Thursdays. 
Carcass weight, temperature, pH, carcass fatness and conformation were measured as 
described previously in Chapter 7, under sections 7.1. to 7.4. 
Carcasses were suspended from the Achilles tendon and kept overnight at lOoC and then 
moved to the chiller which was set at I DC, for 24h. The sides were quartered by section 
113 
at the last rib. Two adjacent steaks, over 121l3th rib, 25 mm thick were taken from the 
m.iongissimus dorsi, vacuum packed, frozen rapidly and stored at -20o e to evaluate fatty 
acid composition (section 7.7.) and Vitamin E (a-tocopherol) levels, following the 
procedure described in section 7.9. Another 25 mm thick steak from m.longissimus 
dorsi was taken for the induced TBA test, as previously described (Kombrust and 
Mavis, 1980, section 7.8.2.). The aim of induced-test was to study the possible 
correlation between this test and final lipid oxidation during display to evaluate its 
predictive value. 
The m.longissimus dorsi muscle at the 12113th rib was removed from one half of the 
beef carcass, weighed and vacuum packed on the boning days then aged for 11 days at 
1°C. After ageing the m.longissimus dorsi was re-weighed to estimate drip loss and then 
cut into 16 steaks (25 mm thick) for colour, TBA, flavour and sensory analysis. Ten 
steaks were overwrapped as described previously (section 2.5) and displayed under 
simulated retail display conditions, at 4°e for 5 days; two of these were frozen for 
instrumental flavour analysis and the remaining 8 used for sensory quality analysis 
(Section 7.11.1 and Section 7.11.2). 
Three steaks were used for colour measurements, two of them overwrapped and the 
other MA packed and displayed under simulated retail display conditions at 4°e for daily 
colour measurements upto 21 days. The remaining three steaks were overwrapped, 
displayed under simulated retail display conditions at 4·C and TBA determination made 
on days 4,8 and 11 as previously described (Tarladgis et ai., 1960, section 7.8.1.) 
Temperature recorded in the deep leg and m.iongissimus dorsi was approximately 12°e 
at 24 hours post-slaughter indicating that muscle fibres would not be cold shortened. 
Mean ultimate pH was 5.5 indicating none of the animals produced dark cutting meat. 
8.2.3. Statistical analysis 
A simple one way Analysis of Variance (Gens tat 5, Lawes Agricultural Trust, 1990) was 
used to analyse most data. Sources of variation were diet (fat source) and individual 
animal. The sensory results were analysed using a two way analysis of variance, with 
treatment and assessors as factors. 
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8.3. Results and discussion 
8.3.1. Growth performance and feed intake 
As shown in Table 8.5., feed intake and live weight gain were unaffected by the type of 
dietary fat, although there was a tendency for intake on the fish oil diet to be lower as 
found by other authors (Wonsil et aI., 1994, Chilliard and Doreau, 1997 and Mandell et 
al., 1997). Growth rate was not lower on the fish oil diets. 
Table 8.5. Feed intake and growth rate (8 animals per treatment). 
Control Linseed Fish oil Linseed+Fish oil s.e.d si~ 
Silage DM intake (kg/d) 5.43 5.43 5.12 5.37 0.175 ns 
Concentrate DM intake (kg/d) 3.61 3.62 3.46 3.60 0.116 ns 
Live wei~ht ~ain (kg/d) 1.29 1.25 1.38 1.36 0.079 ns 
ns P>O.05 
8.3.2. Biohydrogenation 
Oleic acid and all the PUFA, (linoleic acid, a-linolenic acid, EPA and DHA) were 
extensively biohydrogenated in the rumen as shown in Table 8.6. This suggests that the 
CI8:3n-3 in the linseed was not very well protected by the seed coat. Doreau and 
Chilliard (1996) also reported extensive biohydrogenation of EPA and DHA, although 
Ashes et al. (1992) has reported limited biohydrogenation in sheep. 
Fatty acid flow to the duodenum was 21 % higher than fatty acid intake across all 
treatments reflecting fatty acid synthesis by ruminal microbes. 
Table 8.6. Biohydrogenation of fatty acids and fatty acid flow 
Control Linseed Fish oil Linseed+Fish oil sig 
Biohydrogenation (%) 
C18:1 81.1 72.0 70.8 64.4 *** 
CI8:2n-6Iinoleic 89.5 90.0 93.0 90.0 ns 
CI8:3n-3 a-linolenic acid 91.3 94.3 91.7 93.7 ns 
C20:5n-3 EPA 92.4 89.8 ns 
C22:6n-3 DHA 90.9 86.6 ns 
Fatty acid intake (g/d) 323.0 438.0 344.0 381.0 *** 
Fatt~ acid flow to duodenum (~d) 432.0 489.0 412.0 465.0 ** 
ns P>O.05. *P<O.05. **P<O.Ol and ***P<O.OOI 
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8.3.3. Carcass data 
Animals were similar in hot and cold carcass weight, age and fatness (Table 8.7.) except 
surprisingly, carcass conformation was highest on the fish oil treatments in comparison 
to either the control or linseed (P=O.02). Overall mean carcass weight was 333.7 kg and 
the average age was approximately 20 months (16-24). At the end of the trial all 
treatments had the same carcass fatness (3L-4L) and mean conformation was between R 
to U. 
The visual scores for carcass fatness and conformation of the EU Carcass Classification 
Scheme were converted to numerical values as previously shown in Table 7.3. 
(Kempster et ai., 1986), chapter 7. 
Table 8.7. Comparison of cold carcass weight, confirmation and fatness scores of 
animals fed by different diets (8 animals per treatment). 
Control Linseed Fish oil Linseed+Fish oil s.e.d sig 
Cold Carcass weight (kg) 333.1 330.1 334.4 
Age (months) 20.0 18.5 20.4 
MLC Conformation 96.2ab 88.7a 110.6b 
Fatness 91.2 86.9 92.5 
Means with different superscripts are significantly different (P<O.05) 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
8.3.4. Shelf-life and meat quality studies 
8.3.4.1. Muscle fatty acid composition 
337.3 6.44 ns 
21.0 
110.6b 7.92 * 
88.7 6.53 ns 
The content of fatty acids in the total lipid of m.longissimus dorsi is given in Table 8.8. 
There was no significant difference in total muscle fatty acid content which ranged from 
3.5 to 4.3% of tissue weight and was similar to the values quoted by Enser et al. (1996) 
for typical British beef and Mandell et al. (1997). Neither C18:3n-6 (y-linolenic acid) nor 
C20:2n-6 could be detected. As expected, the two major fatty acids were palmitic acid 
(CI6:0) and oleic acid (C18:1n-9), accounting for approximately 28.6% and 32.0% of 
total fatty acids, respectively. 
The major trans fatty acid C18:1trans was significantly higher in the unsaturated 
treatments compared to the saturated control (P<O.01) as also reported in milk from cows 
fed diets containing fish oil by Wonsil et al. (1994) and Mansbridge and Blake (1997). 
These fatty acids are produced during the hydrogenation process by which PUF A are 
degraded to saturated fatty acids (Harfoot and Hazlewood, 1988). 
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Recent epidemiological evidence suggests that ruminant trans unsaturates are not risk 
factors for cardiovascular disease (Willett et al., 1993), and are of less significance than 
the trans unsaturates produced via partial biohydrogenation in the food industry. 
Supplementation with bruised dietary linseed doubled the quantity of a-linolenic acid 
(CI8:3n-3) (P<O.OOl) in muscle total lipid (Table 8.8. and Figure 8.2.) but the effect 
was not large and suggests that the seed coat had little effect on protecting CI8:3n-3 from 
ruminal biohydrogenation. These responses are similar to feeding steam-flaked linseed 
which resulted in a doubling of CI8:3n-3 in perirenal adipose tissue in bulls (Clinquart et 
al., 1991). McDonald and Scott (1977) demonstrated that cows fed a protected linseed 
oil supplement produced milk with CI8:3n-3 levels in excess of 20% (vs. control, 1 %) 
by weight of total fatty acids. This illustrates well the extent to which the fatty acid 
composition of ruminant products are amenable to manipulation. Generally, feeding 
protected lipid supplements is more successful than processing of oilseeds (whole, 
crushing, rolling oilseeds; Kennelly, 1996) 
The increase in the content ofC20:5n-3 by the linseed treatment (P<O.OOI) suggests that 
increasing the level of CI8:3n-3 intramuscularly has resulted in enhanced synthesis of 
C20:5n-3 from its precursor CI8:3n-3 (Figure 8.2.). In the light of the increasing 
pressures on the use of fish products in animal feeds this finding is particularly 
noteworthy, as an alternative means of enhancing the C20:5n-3 levels in ruminant 
products. It also has important implications for animals fed largely grass-based diets, 
which contain high levels of CI8:3n-3. Milk from these animals contains increased 
concentrations of n-3 fatty acids, particularly CI8:3n-3 but also C20:5n-3 (0.24% of total 
fatty acids, Hebeisen et al., 1993). However, it is not known to what extent C20:5n-3 is 
derived from the very small quantities in grass and other green plants (Simopoulos and 
Salem, 1986 and Dewhurst and King, 1998), compared to that synthesised from CI8:3n-
3. 
The major fatty acids in the long chain C20 and C22 PUFA were C20:4n-6 (arachidonic 
acid) and C22:5n-3 (docosapentaenoic acid). The concentration of C20:3n-6 and 
C20:4n-6 were reduced (P<O.OO 1) on the unsaturated treatments, particularly so on the 
fish oil containing treatments compared to the control, this is similar to that noted in other 
studies using fish meal or fish oil, with both ruminants and non-ruminants (Morgan et 
al., 1992, Van Elswyck et al., 1992 and Mandell et al., 1997). However, fish oil 
supplementation in the work by Ashes et al. (1992) did not affect C20:4n-6, in serum or 
muscle phospholipid, which the authors attributed to adequate delta-6 desaturase activity 
(ensuring conversion of C 18:2n-6 to C20:4n-6). 
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Table S.S. Fatty acid composition of total lipid in m.iongissimus dorsi muscle in Charolais steers fed on diets containing differing fat sources 
(8 animals per treatment). 
(mg/JOOg muscle) % of total fatty acids 
Fattx acid Control Linseed Fish oil Linseed+Fish oil s.e.d sig Control Linseed Fish oil Linseed+Fish oil s.e.d sig 
C 12:0 lauric 3.20 3.79 3.70 4.36 0.56 ns 0.09 0.09 0.09 0.11 0.012 ns 
C14:0 myristic 121 152 173 169 24.0 ns 3.27 3.60 3.99 4.18 0.420 ns 
C16:0 palmitic 1029 1089 1305 1171 145.7 ns 28.9b 26.1 a 30.3b 29.2b 0.945 *** 
C16:1cis 129 162 176 165 20.5 ns 3.58 3.89 4.10 4.11 0.237 ns 
C 18:0 stearic 528 581 543 490 73.5 ns 15.0 13.8 12.6 12.3 0.508 ns 
Cl8:1trans 63a 147b 184b 173b 23.5 ** 1.70a 3.39b 4.19bc 4.47c 0.420 *** 
C18:1n-9 oleic 1209 1471 1260 1225 197.3 ns 34.1b 34.0b 29.3a 30.5a 1.66 * 
C18:1n-7 vaccenic 35 42 46 36 5.4 ns 0.99 1.01 1.09 0.91 0.077 ns 
CI8:2n-6Iinoleic 81 78 66 64 6.5 ns 2.55 2.04 1.66 1.72 0.387 ns 
CI8:3n-3 a-linolenic 22a 43c 26ab 30b 4.0 ** 0.66a 1.09b 0.63a 0.82a 0.127 ** 
C20:3n-6 7.8c 5.9b 4.9a 4.2a 0.4 *** 0.26b 0.17a 0.12a 0.11a 0.040 ** 
C20:4n-6 arachidonic 23b 21b 14a 17a 1.5 *** 0.77b 0.58ab 0.36a 0.46a 0.137 * 
C20:5n-3 (EPA) U a 16b 23c 15b 1.9 *** 0.35 0.45 0.58 0.42 0.109 ns 
C22:5n-3 (DPA) 20 21 24 21 2.08 ns 0.65 0.56 0.59 0.57 0.120 ns 
C22:6n-3 (DHA) 2.2a 2.4a 4.6b 4.9b 0.52 *** 0.07a 0.07a O.12b 0.13b 0.027 ns 
Total fatty acids 3529 4222 4292 3973 524.0 ns 
Means with different superscripts in the same row are significantly different (P<O.05) 
ns 1»0.05, *P<O.05, **P<O.Ol and ***P<O.OOI 
EPA; eicosapentaenoic, DPA; docosapentaenoic, DHA; docosahexaenoic 
The increase in n-3 PUFA in tissues generally occurs at the expense of n-6 PUFA 
(Ratnayake et al., 1989) and this may be related to competition between the n-3 fatty 
acids and C20:4n-6 for deposition sites in the phospholipids (Morgan et al., 1992). In 
rats, fish oils were more effective than a-linolenic acid (CI8:3n-3) in depressing levels 
of C20:4n-6 (Hwang et al., 1988) and this may explain why the reduction in C20:4n-6 
was greatest on the fish oil treatments compared to the linseed (Table 8.8.). The n-3 fatty 
acids also interfere with the synthesis of C20:4n-6 from CI8:2n-6 (Ratnayake et al., 
1989). 
Fish oil resulted in a doubling of the concentration of C20:5n-3 (eicosapentaenoic acid) 
and C22:6n-3 (docosahexaaenoic acid) compared to the control (P<O.OOI). 
The increase in the concentration of C20:5n-3 and C22:6n-3 on feeding either fish meal 
or fish oil is similar to other studies with poultry, pigs and cattle (Ratnayake et al., 1989, 
Morgan et al., 1992, Wonsil et aI., 1994, Mandell et al., 1997, Cant et al., 1997 and 
Mansbridge and Blake, 1997). In this study, the concentration and proportion of 
C20:5n-3 and C22:6n-3 are similar to that quoted by Mandell et al. (1997), who reported 
that both the amount and duration of fish meal feeding increased intramuscular deposition 
of these fatty acids. However, the increases in C20:5n-3 and C22:6n-3 were much less 
than the responses observed when sheep were fed a rumen protected fish oil supplement 
(Ashes et al., 1992), suggesting high levels of ruminal biohydrogenation of these fatty 
acids. 
The combined linseed plus fish oil mix treatment raised CI8:3n-3 and C20:5n-3 to an 
intermediate position between fish and linseed alone and raised C22:6n-3 synthesis to as 
high a level as fish oil alone. 
Fatty acid composition of phospholipid fraction 
The fatty acid composition of the phospholipids is shown in Table 8.9. The 
phospholipid fraction accounted for 11.68% of the total fatty acids in the m.iongissimus 
dorsi (Table 8.8.). 
The linseed diet led to a doubling of CI8:3n-3 compared to the control. There was also a 
significantly higher level of C20:5n-3 (EPA) but not C22:6n-3 (DHA) in the 
phospholipids of the cattle fed linseed. It is clear by comparing Table 8.8. with Table 
8.9. that the effect of linseed on C20:5n-3 occurred solely in the phospholipid fraction. 
Levels of EPA and DHA were more than doubled by the fish oil diet whilst the linseed 
plus fish oil mix diet increased CI8:3n-3, EPA and DHA. 
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Table 8.9. Fatty acid composition of phospholipid in m.longissimus dorsi muscle from steers fed on diets containing differing fat sources 
(8 animals per treatment). 
(mg/JOOg muscle) (percentage by weight of total fatly acids) 
Fatt~ acid Control Linseed Fish oil Linseed+Fish oil s.e.d si~ Control Linseed Fish oil Linseed+Fish oil s.e.d Sl~ 
C12:0 lauric 0.244 0.175 0.300 0.194 0.064 ns 0.0498 0.0400 0.0568 0.0432 0.009 ns 
C14:0 myristic 3.96 2.68 5.54 3.27 1.465 ns 0.744 0.577 1.027 0.712 0.199 ns 
C16:0 palmitic 80.9 65.0 92.8 70.4 11.75 ns 17.23bc 14.69a 17.69c 15.53ab 0.893 ** 
C16ald 21.73b 18.02a 22.78b 20.67ab 1.599 * 4.95 4.23 4.42 4.57 0.384 ns 
C16:1 10.22 8.81 11.99 10.40 1.554 ns 2.201 2.006 2.287 2.299 0.194 ns 
C18:0 stearic 48.8 45.6 50.2 43.5 5.82 ns 1O.51b 10.37b 9.61a 9.64a 0.332 ** 
C18:0 aId 11.79 12.90 12.04 12.S8 1.082 ns 2.658ab 2.962b 2.340a 2.782b 0.201 * 
Cl8:1trans 2.97a 5.91b 10.83c 7.87b 1.279 *** 0.S93a 1.313b 2.044c 1.776c 0.185 *** 
C 18: 1 n-9 oleic 107.7 9S.S 8S.8 93.9 13.91 ns 23.37b 21.63b 16.27a 20.70b 1.448 *** 
C18: In-7 vaccenic 7.S1a 7.67a 12.03b 8.64a 1.024 *** 1.671 a 1.746a 2.333b 1.935a 0.181 ** 
CI8:2n-6Iinoleic SO.7 43.7 39.9 41.3 4.19 ns 11.38c 10.07bc 7.90a 9.21 ab 0.992 ** 
C18:3n-3 a-linolenic 9.52a 18.96c 12.05a lS.57b I.S74 *** 2.13a 4.34c 2.36a 3.49b 0.336 *** 
C20:3n-6 6.54b 5.33a S.46a 4.43a 0.S19 ** 1.496b 1.231 ab 1.076a 0.981a 0.132 ** 
C20:4n-6 arachidonic 22.37c 19.42bc 14.12a 17.41 b 1.539 *** 5.09c 4.47bc 2.76a 3.87b 0.358 *** 
C20:4n-3 2.08a 4.25ab 20.18c 6.3Sb 1.274 *** 0.481 a 0.971b 3.886d 1.422c 0.166 *** 
C20:Sn-3 (EPA) 1O.21a IS.44b 26.76c 16.04b I.S78 *** 2.31 a 3.5Sb 5.25c 3.60b 0.356 *** 
C22:4n-3 0.61a 0.59a S.99c 1.83b 0.480 *** 0.134a 0.134a 1.141c 0.409b 0.061 *** 
C22:4n-6 2.047c 1.313b 0.872a 1. 159ab 0.187 *** 0.463c 0.304b 0.168a 0.255ab 0.043 *** 
C22:Sn-3 (DPA) 18.71 a 20.lOa 24.72b 20.27a 1.257 *** 4.26 4.64 4.81 4.51 0.292 ns 
C22:6n-3 (DHA) 2.4Sa 2.71a 5.72b 5.48b 0.391 *** 0.S48a 0.629a 1. 146b 1.222b 0.109 *** 
WRFA 3S.1a 44.4a 59.OC 49.7b 4.22 *** 7.78a 10. lOb 11.43c 11.0Sbc 0.515 *** 
Total fatty acids 456.0 438.0 519.0 451.0 42.9 ns 93.94b 92.37a 91.78a 91.S6a 0.567 *** 
Means with different superscripts in the same row are significantly different (P<O.05); WRF A-weight of remaining fatty acids, 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
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Fatty acid composition of neutral lipid fraction 
The fatty acids in the neutral lipid fraction are presented in Table 8.10. The neutral lipid 
fraction was approximately 81-82% of total fatty acid, the major fatty acids, C 16:0, 
C18:0 and CI8:1n-9, accounting for approximately 81% of the total fatty acids. The 
PUF A content, as expected, was low (less than 2%). 
Fatty acid composition was affected by diet and C18:3n-3 was increased by 82% in the 
linseed treatment compared with the control. There were few effects on long chain 
polyunsaturated fatty acids because of their low content in neutral lipids. These data 
confirm the importance of the phospholipid fraction for polyunsaturated fatty acid 
deposition. 
Results in Table 8.10. demonstrate that the fatty acid composition of beef muscle can be 
modified by diet indicating that some a-linolenic acid and linoleic acid, which are the 
major fatty acids in grass and concentrates respectively, have avoided breakdown in the 
rumen (Enser et al., 1996). Several other studies support these results showing that the 
fatty acid composition of beef muscle can be influenced by diet (Sumida et al., 1972, 
Melton et al., 1982, Marmer et al., 1984, Eichhorn et al., 1986 and Enser et al., 1996). 
Nutritional indices 
The P:S and n-6 :n-3 ratios important for human health are shown in Table 8.11. There 
was no effect of diet on the polyunsaturated: saturated fatty acid (P:S) ratios which were 
considerably lower than the recommended ratio of 0.45 (Department of Health, 1994), 
and lower than that reported for typical retail beef in the UK (0.11, Enser et al., 1996) 
and fish meal supplemented Charolais steers (0.11-0.13, Mandell et al., 1997). These 
values are much lower than the P:S value of 0.65 for pork (Morgan et al., 1992 and 
Enser et al., 1996), which exceeds the recommended level. This suggests that 
biohydrogenation of PUFA was high in the rumen in all treatments and illustrates the 
difficulties of improving P:S ratios in ruminants. 
The control had favourable n-6:n-3 ratio (in the range 1-4), and this was further reduced 
by the dietary treatments, reflecting the raised n-3 PUFA content, which is in accordance 
with dietary recommendations (Department of Health, 1994). In comparison, the values 
for pork are much higher, approximately 7 (Enser et ai., 1996). 
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Table S.10. Fatty acid composition of neutral lipid in m.longissimus dorsi muscle from steers fed on diets containing differing fat sources (8 
animals per treatment). 
(ms.IJOOg muscle) (percentage by weight of total fatty acids) 
Fatt~ acid Control Linseed Fish oil Linseed+Fish oil s.e.d sig Control Linseed Fish oil 
C 12:0 lauric 3.49 3.75 4.65 3.65 0.918 ns 0.1164 0.1189 0.1212 
C14:0 myristic 112.0 130.0 189.0 131.0 29.9 ns 3.72 4.10 4.80 
C 16:0 palmitic 872.0a 851.0a 1291.0b 853.0a 167.1 * 29.99b 27.08a 32.57c 
C16:1 110.1 126.3 166.9 125.2 23.80 ns 3.730 4.018 4.243 
C18:0 stearic 449.0 451.0 529.0 374.0 83.7 ns 15.77b 14.17a 13.13a 
C18:1trans 56.5a 119.5b 192.5c 138.9b 23.95 *** 1.93a 3.76b 4.83c 
C18: 1n-9 oleic 1039.0 1150.0 1150.0 975.0 208.8 ns 36.04c 35.74be 28.80a 
C18:1n-7 vaccenic 26.6 32.4 38.8 27.0 6.25 ns 0.923 1.035 0.974 
CI8:2n-6linoleic 26.6 25.2 22.3 20.4 4.92 ns 0.928c 0.791 be 0.537a 
C18:3n-3 a.-linolenic 10.3a 18.8b I5.0ab 11.5a 2.89 * 0.361a 0.592b 0.377a 
C20:4n-3 1.27ab 1.08a 5.99c 2.24b 0.519 *** 0.0610a 0.0494a 0.155OC 
C22:5n-3 (DPA) 2.11 1.76 3.33 2.02 0.574 ns 0.0692 0.0612 0.0854 
WRFA 195.0a 271.0ab 369.0b 261.0a 51.2 * 6.42a 8.55b 9.44b 
Total fatty acids 2903.0 3180.0 3975.0 2922.0 575.1 ns 94.13b 92.18a 91.39a 
Means with different superscripts in the same row are significantly different (P<O.05); WRFA-weight of remaining fatty acids 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
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Table 8.11. Fatty acid ratios related to healthy nutrition in Charolais steers fed on 
diets containing different sources of lipid (8 animals per treatment). 
Control Linseed Fish oil Linseed+Fish oil s.e.d sig 
Ip:S 0.067 0.067 0.045 0.050 0.008 ns 
2P:S 0.097 0.096 0.061 0.068 0.012 ns 
3n-6:n-3 3.84 1.86 2.58 2.17 0.177 *** 
4n-6:n-3 2.00 1.19 0.91 1.11 0.106 *** 
ns 1»0.05, *P<0.05, P<O.Ol and ***P<O.OOI 
IP:S=(CI8:2n-6+18:3n-3) / (CI2:0+CI4:0+CI6:0+CI8:0) 
2p:S=(CI8:2n-6 + CI8:3n-3) / (C12:0 + C14:0 + C16:0 + C18:1trans) 
3n-6:n-3=C18:2n-6:C18:3n-3, 4n-6:n-3=(C18:2n-6+C20:3n-6+C20:4n-6) / (C18:3n-3 +C20:4n-
3+C20:5n-3+C22:5n-3 +C22:6n-3) 
It has been recommended that the daily consumption of n-3 fatty acids should be 100 to 
200 mg/d, mainly as C20:5n-3 and C22:5n-3 (Department of Health, 1994). However, 
in the USA, the consumption of Ig/d of n-3 fatty acids is recommended with 300 to 400 
mg/d as preformed C20:5n-3 and C22:5n-3. Indeed, patients with cardiovascular disease 
may receive positive benefits from consuming at least 3g/d (Barlow et al., 1990). The 
main reason for incorporating C20:5n-3 and C22:5n-3 as preformed fatty acids, rather 
than relying on conversion by the body tissues from their precursor, CI8:3n-3, is that 
there are concerns over efficiency and speed of conversion in man (Nettleton, 1991). 
Based on the results in this experiment (Table 8.8.) and assuming that loog/d is an 
appropriate figure for beef consumption (Enser et al., 1996), then it is feasible to 
calculate the contribution of n-3 fatty acids to the human diet. Consumption of 100 gld 
of beef muscle from cattle fed on the control, linseed, fish oil and linseed plus fish oil 
mix treatments would provide 55.2, 82.4, 77.6 and 70.9 mgld of n-3 fatty acids, 
including 13.2, 18.4, 27.6 and 19.9 mgld as C20:5n-3 and C22:5n-3, respectively. 
Hence, beef from the linseed and fish oil treatments could supply between 41-82 and 39-
78% of the daily recommended consumption of n-3 fatty acids (100 to 200 mg/d), 
respectively. In contrast, consumption of 100 g of meat from non-fish meal compared to 
12% fish meal supplemented chickens in the study by Ratnayake et al. (1989) would 
provide between 41 to 64 and 100 to 106 and 23 to 36 and 75 to 80 mgld of n-3 fatty 
acids and C20:3n-3 and C22:6n-3, respectively. Intake of n-3 fatty acids from fresh fish 
is approximately 39.5 mg/d, of which the majority (91%) is from the C20 and C22 fatty 
acids (Enser et al., 1996). 
Further enrichment of the n-3 fatty acids in beef seems possible, since the deposition of 
C20:5n-3 in Japanese (Koizumi et al., 1991) and Australian (Mitchell et al., 1991) cattle 
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exceeds the combined C20:5n-3 and C22:6n-3 deposition in this study. Further work is 
required to examine methods of protecting the n-3 PUFA, particularly from linseed, from 
rumen biohydrogenation and to have a more significant impact on P:S and n-6:n-3 ratios. 
8.3.4.2. Flavour analysis 
In this study, the flavour volatiles in m.longissimus dorsi steaks from the animals fed 
four different diets were measured to determine how changes in PDF A content of the 
beef muscle influenced the profile of aroma volatiles and the taste of meat. 
Instrumental flavour volatile analysis 
Nearly 350 compounds were isolated across the four treatments using gas 
chromatography/mass spectrometry. The quantities of volatiles isolated from the 
trimmed, pressure-cooked steaks are shown in Table 8.12., which includes many 
derived from lipid oxidation. The experimental diets had marked effects on the quality of 
lipid-derived volatiles (Table 8.12.). 
Table 8.12. Quantities of flavour volatiles found in the head spaces of beef steak, 
trimmed of excess fat and cooked under pressure at 140°C (5 animals per treatment). 
Amount in head space (ng/1OOg meat) 
Class of. come.ound Control Linseed Fish oil Linseed+Fish oil 
Lipid-derived 
Saturated aldehydes (aliphatic) 2070 5620 4890 6090 
Unsaturated aldehydes( aliphatic) 88 257 152 275 
Ketones 544 538 841 707 
Alcohols 530 1230 1050 998 
Hydrocarbons 175 499 782 644 
Furans 896 1470 4050 1920 
Thiazolines 179 232 223 214 
Sugar / Amino acid derived 
Aldehydes 24200 14700 29700 25400 
Ketones 314 458 373 322 
Alcohols and hydroxyketones 493 544 665 658 
Furans 1040 1050 941 1060 
Aliphatic sulphur compounds 2310 2210 2510 2910 
Heterocyclic sulphur compounds 636 560 869 778 (thiazoles and thiophenes) 
Thiazoles 166 135 157 150 
Sulphur-substituted Furans 150 III 129 150 
!J!azines 2230 2080 2200 2470 
Saturated aldehydes were the largest group identified including methybutanal, hexanal 
and heptanal as the most significant contributors. Sulphur-containing compounds were 
also at higher concentrations in the linseed, fish oil and linseed plus fish oil containing 
diets. Among these were 3-thiazolines and thiazoles, which have never been reported 
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before in meat. Their concentrations appeared to change in relation to those of the 
aldehydes which are probably involved in the synthesis of the thiazolines and thiazoles. 
The totals for volatile classes of compounds from non-lipid sources, which are derived 
from amino acids and sugars, were very similar for each class across the four treatments 
(Table 8.12.), except for the lower quantity of aldehydes produced by the linseed diet. 
Samples of untrimmed steaks were also pressure cooked and grilled the results of which 
are shown in Table 8.13 and Table 8.14, respectively. 
Ta~le 8.13. Quantities of lipid-derived volatiles found in the head spaces of 
untrImmed beef steak (lean with fat) and cooked under pressure at 140·C (5 animals per 
treatment). 














































There were also marked effects of diet on the quantity of lipid derived volatiles, the 
increase in volatiles being most marked for the fish oil diet. Much higher quantities of 
the lipid-derived volatiles, especially saturated aldehydes, were found in the grilled 
steaks. Mono- and di-unsaturated aldehydes, such as 2-pentenal, 2-hexenal and 2,4-
heptadienal are formed from CI8:3n-3, C20:5n-3, C22:5n-3 and C22:6n-3, thus there 
are higher levels of these volatiles found in the steaks from animals fed fish oil and 
linseed containing diets. The steaks from animals fed fish oil diet, which had the highest 
amount of C20:5n-3 and C22:6n-3, also had the highest quantities of dienals. Therefore, 
fatty acids are important precursors of flavour volatiles in beef as mentioned before 
(Larick and Turner, 1990 and Melton, 1990). 
The saturated aldehydes (containing 6 to 9 carbon atoms) and some mono-unsaturated 
aldehydes were the most abundant aldehydes which are produced from the oxidation of 
CI8:1n-9 and C18:2n-6. The higher levels of aldehydes, derived from these fatty acids, 
in the meat with the increased PUF A suggests that these PUF A cause an increase in 
thermal degradation of mono- and di-unsaturated fatty acids. The oxidative degradation 
of fatty acids involves a free radical mechanism and the rate of the reaction is determined 
by the initial step which involves the formation of an alkyl radical from an unsaturated 
fatty acid. 
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Table 8.14. Quantities of lipid-derived volatiles found in the head spaces of beef 
steak (lean with fat) and grilled (5 animals per treatment). 
Amount in head se,ace (ns/lOOs. meat) 
Class of come,ound Control Linseed Fish oil Linseed+Fish oil 
Saturated aldehydes 24350 42500 56900 32250 
Mono-unsaturated aldehydes 250 1268 2398 1273 
Polyunsaturated aldehydes 3 73 388 30 
Ketones 610 1150 1438 855 
Alcohols 2330 3850 4300 3350 
Hydrocarbons 808 1043 3870 2380 
Furans 203 355 1113 223 
Thiazolines 0 0 0 0 
Polyunsaturated fatty acids form such radicals much more rapidly than mono- or di-
unsaturates, but once such radicals are formed propagation of the breakdown of other 
fatty acid molecules occurs via a chain reaction. Since oxidation of fatty acids is initiated 
much more readily in the presence of higher quantities of C20:5n-3 and C22:6n-3, this 
will induce breakdown of larger quantities of C18:1n-9 and C18:2n-6 with higher 
concentrations of these polyunsaturates. 
There have been few detailed studies in ruminants of the range of volatile compounds 
produced during cooking and their effects on sensory responses. Mottram and Edwards 
(1983) first showed the importance of phospholipids in flavour development in beef. 
This study shows that fatty acids attached to phospholipids are important for flavour 
development since the large increases of lipid-derived volatiles occurred in the linseed 
and fish oil treatments in which the extra polyunsaturated fatty acids deposited were 
deposited in phospholipids. Similar results were reported by Larick and Turner (1990). 
It appears that long chain polyunsaturated fatty acids are specifically incorporated into 
phospholipids in ruminants (Ashes et al., 1992) which makes this fraction highly 
significant for flavour development. 
Sensory quality analysis 
The influence of dietary fat source on the eating quality of grilled beef steaks is shown in 
Tables 8.15., 8.16. and Figure 8.3. 
Rancid and fishy notes although low in all diets, were highest in steaks derived from the 
fish oil diet which also had the lowest score for overall liking. There was a significant 
treatment effect on toughness although it is difficult to see how this could be attributed to 
diet (Table 8.15.). 
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Table 8.15. Influence of diet on the eating quality of grilled beef steaks in terms of 
Flavour Profile. 
Values are the means derived from analysis of variance with Diet as a factor and 
assessors and l!.aneis as a 'block' structure. 
Control Linseed Fish oil Linseed+Fish oil s.e.d Sl~ 
Attributes 
Toughness 46.9b 38.3a SO.9b 39.2a 2.71 *** 
Juiciness 43.2 45.9 47.4 45.1 2.14 ns 
Beef Flavour 27.8 30.9 24.9 28.3 2.15 ns 
Fatty/Greasy 15.7 17.6 19.3 17.9 1.82 ns 
Bloody 13.2 10.5 13.0 10.0 1.84 ns 
Livery 14.2 13.1 16.7 IS.6 2.37 ns 
Metallic 8.0 7.4 9.5 7.7 1.78 ns 
Bitter 8.2 6.8 7.6 9.S 1.87 ns 
Sweet 8.0 10.7 9.4 8.4 1.40 ns 
Rancid 1.7ab 0.6a 2.3b 1.1 a 0.58 * 
Fishy 5.0a 4.4a 8.9b 4.4a 1.31 *** 
Acidic 4.4 5.8 5.2 4.6 0.95 ns 
Cardboard 8.9 9.5 8.0 7.9 0.85 ns 
Vegetable 7.9 8.0 8.2 8.5 1.10 ns 
Overalilikin~ 30.6ab 36.9c 26.7a 34.0bc 2.16 *** 
Figures with the same superscript do not differ significantly 
ns P>O.05, *P<O.05, **P<O.Ol and ***P<O.OOI 
Results describing the intensities of the main attributes are given in Table 8.16. 
Tenderness was again significantly lower in the fish oil treatment for which there is no 
obvious explanation. Beef flavour intensity tended to be lower and abnormal flavour 
intensity higher in the fish oil group but these differences were not significant. They are 
consistent with the scores for rancid and fishy in the previous table. 
Flavour liking also tended to be lower in the fish oil group and overall liking was 
significantly lower. Interestingly, overall liking was highest in the animals fed the 
combined linseed and fish oil diet. 
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Table 8. 16. Influence of diet on the eating quali ty of grilled beef loin steaks assessed 
by category scales by the trained taste panel using 1-8 scales. 
Values are the means derived from analysis of variance using diet as a factor and 
assessors and panels as a 'block' structure for eight replications. 
Control Lin eed Fish oil Lin eed+Fi h oil s.e.d Sig 
Attributes 
Texture 5 .0b 5.1 b 4.6a 
Juiciness 4.5 4 .9 4.5 
Beef flavour inten ity 3 .8 3 .8 3 .5 
Abnonnal flavour inten ity 2.8 2.9 3 .2 
Hedonic 
Aavour liking 4.4 4.5 4.2 
Overall liking 4.4b 4.5b 3 .9<l 
Means with dilTerent superscripts are significantly di1Terent (p<O.05) 
ns P>O.05, *P<O.05, P<O.OI and ***P<O.OOI 
8.3.4.3. Muscle lipid oxidation (TBARs) 
5.2b 0.167 ** 
4.7 0.158 ns 
3.80 0.169 ns 
2.9 0.185 ns 
4.7 0.184 ns 
4.6b 0.170 *** 
Re ults from the induced TBA-test are hown in Figure 8.4. At 300 minutes, the steaks 
from animals fed the fish oil diet had a TBA value of 1.8, approximately 3 times higher 
than the other three diets indicating greater su ceptibility to oxidation. 
Figure 8.4. Predictive induced TBA test for the oxidative stability of beef 
loin teak (mean± s.e.m. for 8 animals/treatment) 
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TBARS test values measured by Tarladgis methodology after different periods of display 
in overwrap packs are shown in Figure 8.5. There was a significant diet effect 
(P<O.OOI), with the steaks from animals fed fish oil diet having higher values on days 4, 
8 and 11 of display. On days 8 and 11, values for fish oil samples greatly exceeded the 
value of 1.0 which indicates rancidity in meat (Y ounathan and Watts, 1959). 
The results suggest that the induced TBA-test can be used to predict oxidative stability 
since it revealed the high level of oxidation later seen at 8 and 11 days of retail display. 
Figure 8.5. Development of fat rancidity (MDA mg/kg) in longissimus dorsi 
muscles from Charolai animals fed different fat sources 
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8.3.4.4. Vitamin E concentrations 
The mean vitamin E concentrations in m.longissimus dorsi steaks for the four diets were 
3.73 for the control, 3.36 for the linseed alone diet, 2.89 for the fish oil alone diet and 
2.94 mg/g for the linseed plus fish oil mix diet. Vitamin E in the steaks from animals fed 
fish oil diets was thus lower than in the steaks from animals fed control and linseed alone 
diets as shown in Figure 8.6. 
The overall treatment effect was not statistically significant although the probability value 
of 0.0575 shows that it was on the border line. There was therefore a tendency for lower 
deposition and possibly greater utilisation of vitamin E in the fish oil and linseed plus fish 
oil treatments. 
Arnold et al. (1993) sugge ted that the critical factor in using vitamin E to extend shelf-
life of beef, was implementing a upplementation regimen that achieves a minimum 
muscle tissue a-tocopherol concentration of approximately 3.0 to 3.5 mglkg fresh meat 
(Faustman et al., 1989) as achieved in the current study. 
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Figure 8.6. Mean (± s.e.m) Vitamin E values in m.longissimus dorsi 
steaks from beef animals fed different diets 
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8.3.4.5. Colour evaluation 
Three way analysis of variance was carried out on the colour data. There were 
significant interactive effects of diet, day and feed on L* a* b* , hue and saturation 
values which will be discussed in this section. 
Two different types of packaging systems were used which were over wrapping and 
modified atmosphere packing and results will be discussed under these two headings. 
Colour in overwrapped (OW) samples 
'Hue' and 'Saturation' values are shown in Figure 8.7. and Figure 8.8. It can be seen 
that there was no significant treatment difference (P>O.OS) in 'Hue' and 'Saturntion' 
values on day O. 
'Hue' values were relatively constant over 8 days but than increased markedly so that by 
day 12 there were major differences between the four treatments, the steaks from animals 
fed fish oil alone having the highest 'hue' values (Figure 8.7.). 
'Saturation' values, on the other hand, declined over the 12 days display period from an 
initial value of about 24. Previous work has shown that consumers discriminate against 
beef containing 20% or more metmyoglobin, equivalent to a saturation value of about 
18.0 (MacDougall, 1984). 
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Figure 8.7. The effect of time displayed upon hue of OW beef steaks 
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Shelf-life in days for the steaks from animals fed the four treatments, determined using a 
saturation value of 18.0, were control 10, linseed alone 11, fish oil alone 9, linseed plus 
fish oil mix 9.5 days. Therefore, the steaks from animals fed the linseed diet had the 
greatest shelf-life of the four diets with the average 11 days of display. Greater lipid 
oxidation in the fish oil samples appears to have an influence on colour changes. 
Figure 8.8. The effect of time displayed upon saturation of OW beef steaks 
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There was considerable variation in 'Saturation' values between animals as shown in 
Figure 8.9. for animals fed on the linseed diet, where shelf-life ranged from 9 to 14 days 
depending on the individual. There were similar variations for the other diets (Table 
8.17.). 
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Table 8.1 7. Diet effects on shelf-life according to saturation values (8 animals 
per treatment). 
Control Linseed Fish oil Linseed+Fish oil 
1 st week samples from different diets were on the shelf for 
10 days 9 days 8-9 days 8 days 
2nd week samples from different diets were on the shelf for 
8 days 9 days 8 days 10 days 
3th week samples from different diets were on the shelf for 
11 days 11 days 9 days 9 days 
4th week samples from different diets were on the shelf for 
9 days 13 days 9 days 11 days 
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Colour in modified atmosphere packed (MAP) samples 
'Hue' and 'Saturation' values of the steaks from animals fed the four different diets are 
shown in Figure 8.10. and Figure 8. 11 . 
There were no significant difference (P>O.05) in 'Hue' and 'Saturation' values between 
the four diets at day o. 'Hue' values were relatively constant over 12 days but then 
increased markedly so that by day 21 there were no major differences between treatments 
although, the steaks from animals fed fish oil alone diet had the highest 'hue' values 
















The effect of time displayed upon hue of MAP beef steaks 
from animals fed different diets 
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'Saturation' values, on the other hand, declined over the 21 days display period from an 
initial value of about 24-25. The steaks from animals fed fish oil alone had the shortest 
shelf-life of the four diets with the average 11 days of display, according to the minimum 
saturation value of 18.0. The steaks from animals fed the control, linseed or linseed plus 





















The effect of time displayed upon saturation of MAP beef steaks 
from animals fed different diets 
• Control 
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1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18192021 
Days displayed 
Figure 8.12. and Figure 8.13. show that there were apparent differences in 'Saturation' 
values in the steaks from animals fed same diets but slaughtered in different weeks. The 
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animals in week 4 which had consumed the diets for an extra 30 days, had higher 
'Saturation' values. 
Figure 8.12. The effect of time displayed upon saturation of MAP beef steaks 
from animals fed different diets and slaughtered in Week 1 
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Figure 8.13. The effect of time displayed upon saturation of MAP beef steaks 
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Figure 8.14 and Table 8.18. show that animals which had consumed the lin eed diet for 
longer, produced samples which were on the shelf longer i.e. 16-17 days for week 4 and 
9 days for week 1. The same trend was apparent for all the diets. This is a surprising 
result. Consumption of polyunsaturated fatty acids for an extended time would have 
been expected to reduce oxidation stability rather than increase it. Perhaps other week-tcr 
week factors were important such as temperature and light intensity. 
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Fi~ure 8.14. The saturation values upto 18 days for 8 ~ Animal 20-Wkl 
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Table 8.18. Diet effects on shelf-life according to saturation values (8 animals 
per treatment). 
Control Linseed Fish oil Linseed+Fish oil 
1 st week samples from different diets were on the shelf for 
11-12 days 9 days 11 days 10 days 
2nd week samples from different diets were on the shelf for 
11 days 10 days 10 days 11 days 
3th week samples from different diets were on the shelf for 
10 days 11 days 9 days 11 days 
4th week samples from different diets were on the shelf for 
14 days 16-17 days 13-14 days 15 days 
In general, shelf-life in the modified atmosphere packs was about 1-2 days better than in 
over wrapped packs. There also appeared to be less animal variation using this system. 
8.3.4.6. Drip loss 
Drip loss in fresh m.longissimus dorsi steaks ,which was aged for 11 days in vacuum 
bags, was lower in animals fed linseed than those fed the other fat sources (Figure 
8.15.). The effect was mall but may be important economically inee meat is sold on a 
weight basis. This effect could be due to the tocopherol content in linseed. 
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It is possible that the values here were also explained by the treatment effects on vitamin 
E (Figure 8.6.). Recent papers also showed that vitamin E supplementation reduced drip 
losses during display (Vega et al., 1994, Mitsumoto et al., 1995 and den Hertog-
Meischke et al., 19(7) in beef. 
Figure S.lS. Effects of different dietary additions on drip of m.longissimus 
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The results show that different fat sources in the diets of beef catt1e have important effects 
on the fatty acid composition of muscle. Feeding linseed increased the concentration of 
C18:3 and fish oil increased C20:5 and C22:6. The size of the effects were lower than if 
the fat sources had been fully protected but they were as large as those found by other 
authors using a similar approach. The changes in fatty acid composition affected shelf-
life as determined by lipid oxidative stability and colour but, except in the case of fish oil 
alone, did not impact negatively on flavour. The meat produced using linseed and fish 
oil would make an important nutritional contribution to the diet of consumers. However, 
fish oil supplementation must be limited or more vitamin E fed to prevent a reduction in 
oxidative and colour shelf-life. 
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THE EFFECTS OF SOURCES OF PROTECTED OMEGA·3 PUFA ON 
FATTY ACID COMPOSITION AND MEAT QUALITY IN BEEF 
8.4. Introduction 
This trial examined two breeds (Holstein and Welsh Black) and three diets (control 
(Megalac), linseed and linseed plus fish oil) for their effects on fatty acid composition 
and susceptibility to lipid oxidation, colour shelf-life and eating quality. 
The first trial showed that it was possible to increase concentrations of C 18: 3n-3, 
C20:5n-3 and C22:6n-3 significantly by modifying diets using linseed and fish oils. 
Despite extensive hydrogenation of dietary oils, levels of these PDF A in muscle were 
doubled but in the case of fish oil some undesirable effects on shelf-life and eating 
quality were found. The effects of linseed on these aspects of quality were generally 
positive. It was therefore decided in this second trial to increase long chain PUF A 
(C20's) by chain elongation via linolenic acid (C18:3n-3) provided from linseed. Whole 
linseed protected by formaldehyde (4000 mg/kg) was used. 
In contrast to the first beef experiment no fish oil alone treatment was studied, primarily 
because the fish oil fatty acid's EPA and DHA were just as effectively incorporated into 
muscle from the linseed plus fish oil combination as from the fish oil alone diet and 
secondly as a result of the negative effects of fish oil on organoleptic properties. No 
such negative effects were noted on the linseed plus fish oil treatment. 
A comparison of Holstein and Welsh Black breeds was made, firstly to assess the beef 
producing capacity of the Holstein and secondly because this extreme "dairy" breed 
deposits more intramuscular lipid in relation to total fat than "beef' breeds while having a 
leaner carcass. It may therefore be amenable to the production of low fat: high PUF A 
beef. We were also interested in whether the 'traditional' Welsh Black deposited more 
PUFAs in muscle as seemed to be the case with the Soay sheep breed (Chapter 9). 
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8.5. Materials and methods 
8.5.1. Experimental animals and treatments 
The experimental plan, shown in Figure 8.16., was designed to investigate the effects of 
breed (Friesian x Holstein and Pedigree Welsh Blacks) and diet (control, protected 
linseed, protected linseed plus fish oil mix) on fatty acid composition and meat quality 
using a total of 36 animals with 6 animals per treatment. 
Figure 8.16. Flow chart showing details of the experimental design to assess the 
effects of three diets on fatty acid composition and meat quality 
18 Holstein-Friesian 
18 Pedigree Welsh Blacks 
36 animals 
12 Control 
24 Experimental animals 
Fed for 90 days Control 
l Linseed Linseed+Fish oil 
Slaughter Evaluation of carcass characteristics. 1 pH estimation at 3h and 48h 
48 h post slaughter m.longissimus dorsi and psoas were removed for: 
l Lipid oxidation Induced TBA test Fatty acid composition Vitamin E concentrations 
Ageing for 11 days at I·e in vacuum pack 
1 
Simulated Retail display at 4·C 
Colour deterioration during display 
TBA-test after 4,8,11 days display 
Flavour Analysis after 5 days display 
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8.5.1.1. Animals 
There were 36 steers consisting of 18 Friesian x Holsteins and 18 Pedigree Welsh 
Blacks, with initial mean live weights of 396 kg and 368 kg respectively. The Welsh 
Blacks were obtained with the co-operation of the Welsh Black Breed Society. The 
animals were divided into 6 treatment groups (Figure 8.16.) in a block design according 
to body weight (light, medium and heavy). Animals were slaughtered at Bristol in 
groups of 8 or 6, on five occasions, over a period of approximately 4 weeks, the 
animals having been on the treatment diets for a minimum of 90 days. 
8.5.1.2. I>iets 
The rationale for the dietary ingredients and the way animals fed were the same as in the 
first trial and are explained under section 8.2.1. 
The formulation and chemical composition of the three experimental concentrates is 
shown in Tables 8.19. and 20. The diets were based on barley and sugar beet feed and 
contained different sources of oil (control, protected linseed, protected linseed plus fish 
oil mix) included on an iso-oil hence iso-energy basis and 345IU/kg vitamin E as 
previously reported in section 8.2.1. Total dietary oil was fonnulated to be about 6%, 
of which approximately 3% was from the experimental test oil. 
Table 8.19. Formulation of the eXEerimental diets. 
Silage Control Linseed Linseed+Fish oil 
Ingredient 8.1k~fresh 
Barley 584 542 544 546 
Sugar beet 220 204 205 205 
Molasses 81 75 76 76 
Megalac 94 86 49 
Linseed 154 77 
Fish oil 26 
Premix 21 21 21 21 
The grass silage was of a good quality as reflected by the DM content and the low 
proportion of NH3-N. The total-N and OM content were almost the same across the 
treatments but the protected linseed treatment contained a greater level of NDF (Table 
8.20.). 
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Table 8.20. Chemical comEosition of the eXEerimental diets. 
Sila~e Control Linseed Linseed+Fish oil 
Chemical coml!.osition s./ks. DM 
IDM (glkg fresh) 260 878.4 872.6 877.3 
pH 3.48 
TotaI-N 24.4 24.6 23.7 24.7 
NH3-N 1.59 
20M 920.6 791.9 798.2 799.9 
3NDF 549.4 18.77 20.71 17.4 
4WSC 6.2 
5AHEE 35.1 73.2 74.8 79.6 
Acetic acid 20.59 
ME(MJ/kg DM) 13.9 13.6 13.7 
Protein 148.5 144.2 147.3 
Total oil intake* (gld) 621.2 626.2 628.6 
Added oil** (g!d) 261.3 268 263.6 
ldry matter, 20rganic matter, 3neutral detergent fibre, 4water soluble carbohydrates, 5acid hydrolysis 
ether extract *total oil intake assuming a DMI intake of 10.8 kg (6.48 grass silage at 43 g/kg AHEE and 
4.32 kg concentrate) **Added oil = "test" oil intake i.e. Control or linseed 
The fatty acid composition of the three experimental concentrate sources and silage are 
shown in Table 8.21. 
Table 8.21. Fatt~ acid content of the ex,eerimental diets (means for 3 diets). 
Concentrates (g/k£ DM) 
Silage Control Linseed Linseed+Fish oil 
C12:0 lauric 0.05 0.48 0.17 0.17 
C14:0 myristic 0.10 0.74 0.16 2.10 
C16:0 palmitic 3.44 16.89 6.41 10.30 
C18:0 stearic 0.28 2.01 2.01 2.38 
C18: In-9 oleic 0.45 25.77 10.29 10.79 
CI8:2n-6linoleic 3.08 16.52 14.99 13.50 
C18:3n-3 linolenic 11.89 2.98 28.78 15.58 
C20:5n-3 eicosapentaenoic nd 0.10 0.10 3.37 
C22:6n-3 docosahexaenoic nd 0.03 nd 1.66 
Total fatt~ acid (g/kg DM) 18.84 59.82 55.97 59.65 
* nd= not detected 
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As previously reported in the first trial, C 18:3n-3 was the major fatty acid in silage and 
the linseed containing diets. The levels of C20:5n-3 and C22:6n-3 were higher in the 
linseed plus fish oil diet. The control diet had high levels ofCI8:1n-9 and CI6:0. 
8.5.2. Slaughter, carcass quality and meat quality assessments 
All procedures during slaughter, processing and sampling and measurements of carcass 
quality and meat quality were described in trial 1 (section 8.2.2.), except lipid oxidation 
was assessed on overwrapped psoas muscle using the methodology of induced-test 
(Kombrust and Mavis, 1980, section 7.8.2.) instead of m.longissimus dorsi muscle. 
As in Trial 1, 11 steaks were cut from m.longissimus dorsi and used for TBA, colour 
and sensory analysis. 
8.5.3. Statistical analysis 
Differences between treatments and breeds were analysed by a two factor Analysis of 
Variance (Genstat 5, Lawes Agricultural Trust, 1990) test, investigating the influence of 
breed, diet and their interaction. The sensory results were analysed using a two way 
analysis of variance, with treatment and assessors as factors. 
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8.6. Results and discussion 
8.6.1. Growth performance and feed intake 
Feed intake and growth rate during the 100 days growth period are shown in Table 
8.22. There was no significant effect of diet on live weight gain (P>0.05) which agrees 
with the results of the first trial, but feed intake and feed conversion ratio were 
significantly lower in the linseed plus fish oil treatment (P>O.OO I). 
In contrast, some studies have observed that feeding formaldehyde treated safflower 
caused a decrease in feed consumption, voluntary intake and live weight gain in cattle 
(Faichey et al., 1972 and Cuitin et al., 1975). However, in other studies with cattle fed 
formaldehyde supplements (6% fat) the rate of gain was not reduced and the improved 
feed conversion ratio was attributed to the increase in metabolizable energy derived from 
the protected lipid supplement (McCartor and Smith, 1978). 
Table 8.22. Feed intake, daily live weight gain and feed conversion ratio (9 animals 
~r treatment). 
Control Linseed Linseed+Fish oil s.e.d si~ 
DM intake (kg DMiday) 8.797b 8.763b 8.204a O. 115 *** 
Live weight gain (kg/day) 1.072a 1.082a 1.099a 0.064 ns 
Feed conversion ratio 8.l99c 8.076b 7.451 a 0.108 *** 
Means with different superscripts, within the same row, are significantly different (P<O.05), ns P>O.05, 
*P<O.05, **P<O.OI and ***P<O.OOI 
The DM intake, daily live weight gain and feed conversion ratio were significantly 
higher (P<O.OOI) in Friesian x Holstein than Welsh Blacks (Table 8.23.). So, Welsh 
Blacks required less kg diet per kg body weight gain than the Friesian x Holstein 
animals (P<O.OOI). 
Table 8.23. Breed effects on averaged of three feed intake, daily live weight gain and 
feed conversion ratio (9 animals per treatment). 
Friesian x Holstein Welsh Black s.e.d SIS 
DM intake (kg DMiday) 9.569b 7.607a 0.094 *** 
Live weight gain (kg/day) 1.187b 0.982a 0.052 *** 
Feed conversion ratio 8.068b 7.749a 0.088 *** 
Means with different superscripts, within the same row, are significantly different (P<O.05), ns P>O.05, 
*P<O.05, **P<O.OI and ***P<O.OOI 
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Animal production results for each breed on each diets are also presented separately in 
Table 8.24. The Welsh Black steers ate less food and grew more slowly than Friesian x 
Holsteins, in proportion to their smaller size (all breed effects were significantly 
different, P<0.05). 
Table 8.24. Breed and diet effects on feed intake, daily live weight gain and 
feed conversion (9 animals per treatment). 
Control Linseed Linseed+Fish oil 
Feed intake (kg DM/day) 
Friesian x Holstein 9.52 9.97 9.22 
Welsh Black 8.08 7.55 7.19 
Live weight gain (kg/day) 
Friesian x Holstein 1.14 1.21 1.22 
Welsh Black 1.01 0.96 0.98 
Feed conversion ratio 
Friesian x Holstein 8.45 8.50 7.66 
Welsh Black 8.27 8.00 7.40 
Cattle breeds vary in their ability to grow and produce lean meat with different quality 
characteristics (Newman et a/., 1994). This variation is related to genetic differences in 
their ability to acquire and partition nutrients from feed to different tissue components. 
Feed efficiency can affect DMI (Hicks et a/., 1990 and Murphy and Loerch, 1994) and 
carcass fat content also may affected by DMI (Murphy and Loerch, 1994). 
8.6.2. Carcass data 
The cold carcass weights, numerical equivalents for carcass conformation and fatness 
are shown in Table 8.25. 
There was no significant diet (control, linseed, and linseed+fish oil, 144.86 kg, 140.73 
kg and 141.77 kg, respectively) or breed effect on cold carcass weights as shown in 
Table 8.25. 
The average ages were approximately 19 months and 22.6 months (Friesian x Holstein 
and Welsh Blacks, respectively). 
There was also a significant diet x breed interaction for MLC conformation scores (Table 
8.25.). Friesian x Holstein animals had average or lower than average values for 
conformation (between 0+ and R) whereas Welsh Blacks had better conformation (R). 
However, the Friesian x Holstein on the Control diet had higher scores. 
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There was a significant diet effect on MLC fatness scores (Table 8.25.). The Friesian x 
Holsteins were leaner than average (between 20 and 2+). The Welsh Blacks had 
average values for fatness and conformation (R4L). 
Table 8.2S. Significant effect of breed x diets on cold carcass weights, conformation 
and fatness scores (9 animals per treatment). 
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Means with different superscripts, within the same row, are significantly different 
ns 1»0.05, *P<0.05, **P<O.OI and ***P<O.OOI 
Temperature recorded in the deep leg and m./ongissimus dorsi was approximately 12°C 
at 24 hours post-slaughter indicating that muscle fibres would not be cold shortened. 
Mean ultimate pH was 5.5 (5.51-5.54) indicating none of the animals produced DFD 
beef. 
8.6.3. Shelf-life and meat quality studies 
8.6.3.1. Muscle fatty acid composition 
The content of fatty acids in the total lipid of m.longissimus dorsi is given in Tables 
8.26. and 8.27. To calculate total fatty acid content of the muscle, values for neutral lipid 
were added to those for phospholipid. In general, the fatty acid results reported in this 
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study are similar to those in the first beef trial. There was no significant difference in 
total muscle fatty acid content nor in the content of the saturated fatty acids, C 12:0, 
C14:0, C16:0 and C18:0 and C18:1n-9 due to treatments. 
As shown in Table 8.26., muscle from the animals fed protected dietary linseed had 
higher levels (mg/lOOg) of C18:3n-3 but not significantly higher levels of EPA or DHA 
compared to the control. The effects were no larger than in the first trial suggesting that 
protection by formaldehyde had a similar effect to whole linseed in protecting CI8:3n-3 
from ruminal biohydrogenation. These responses are similar to feeding steam-flaked 
linseed which resulted in a doubling of CI8:3n-3 in perirenal adipose tissue in bulls 
(Clinquart et at., 1991). In contrast, Kennelly (1996) reported that feeding properly 
protected lipid supplements is more successful than processing of oil seeds (whole, 
crushing, rolling oilseeds). The slight but not significant increase in the content of EPA 
in the linseed diet (P<O.OOl) suggests that increasing the level of C18:3n-3 
intramuscularly has resulted in enhanced synthesis of EPA from its precursor C18:3n-3. 
We do not know why the protection with formaldehyde was not successful here. 
Subsequent work showed that the industrial process is much more effective for oil than 
whole oiIseeds possibly because only the outer protein coating is bonded and this can be 
broken during pelleting. 
The concentrations (%) of C20:3n-6 and C20:4n-6 were reduced on the unsaturated 
treatments. 
The linseed plus fish oil treatment raised C22:6n-3 synthesis to a high level. EPA was 
less affected but still higher than in controls. Basically, the linseed plus fish oil mixture 
increased all three fatty acids compared with the control. A trend towards a lower 
proportion of C 18:2n-6, in the linseed plus fish oil mix treatment was noted. 
There was no significant diet effect in the total amount of fatty acids in muscle. 
However, the Friesian x Holstein had about 50% more muscle fatty acids in total than 
Welsh Blacks (Table 8.27.). There were clear differences in fatty acid composition 
between the two breeds on a percentage basis, Welsh Blacks having higher percentages 
of a-linolenic acid, EPA and DHA. 
The results therefore show that diet and breed influence the fatty acid composition of 
beef muscle. Several studies support these results for diet (Sumida et al., 1972, Melton 
et ai., 1982 and Eichhorn et ai., 1986) and breed (Eichhorn et ai., 1986). 
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Table 8.26. Fatty acid composition of total lipid in m.longissimus dorsi muscle in Friesian x Holstein and Welsh Black cattle fed on 
diets containin~ differin~ fat sources (9 animals ~r treatment). 
(m~l00£ muscle) (e.ercenta£e by weight of total fatty acids) 
Fatty acid Control Linseed Linseed+Fish oil s.e.d si~ Control Linseed Linseed+Fish oil s.e.d si~ 
C12:0 lauric 2.04 2.84 2.82 0.485 ns 0.06a 0.08ab O.lOb 0.014 * 
C14:0 myristic 88.1 102.5 92.0 20.13 ns 2.51 2.57 2.82 0.168 ns 
C16:0 palmitic 941 973 823 171.8 ns 26.9c 24.79a 26.17bc 0.656 ** 
C18:0 stearic 519 607 441 98.9 ns 14.86ab 16.02b 14.38a 0.608 * 
C18:1trans 56.2a 87.5a 136.4b 21.79 ** 1.54a 2.26b 4.28c 0.271 *** 
CI8:1n-9 oleic 1220 1400 957 256.5 ns 34.71b 34.43b 29.91a 0.993 *** 
CI8:2n-6 linoleic 104.2b 88.3a,b 80.7a 9 * 3.46 2.59 2.90 0.430 ns 
CI8:3n-3 a.-linolenic 26a 44.1b 31.4a 3.52 *** 0.9Qa 1.29b 1. 12ab 0.141 * 
C20:3n-6 9.51b 6.71a 5.89a 1.034 ** 0.31 b 0.20a 0.21a 0.038 * 
C20:4n-6 arachidonic 32.2 28.1 24.6 2.98 ns 1.07 0.85 0.89 0.146 ns 
20:4n-3 3.34a 4.35a 6.75b 0.680 *** 0.12a O.l3a 0.24b 0.027 *** 
C20:5n-3 (EPA) l3.77a 16.34a 18.95b 1.685 * 0.50 0.52 0.72 0.102 ns 
C22:4n-6 2.81b 2.04a 1.61 a 0.262 *** 0.09b 0.06a 0.06a 0.009 ** 
C22:5n-3 (DPA) 22.78 23.21 23.78 2.155 ns 0.78 0.73 0.89 0.118 ns 
C22:6n-3 (DHA) 2.71a 3.22a 6.06b 0.465 *** 0.09a O.loa 0.22b 0.023 *** 
Total fatt~ acids 3452 3904 3121 644.1 ns 94.34c 92.45b 91.24a 0.333 *** 
Means with different superscripts in the same row are significantly different (P<0.05) 
ns 1»0.05, *P<0.05, **P<O.01 and ***P<O.OOI 
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Fatty acid composition of phospholipid fraction. 
The fatty acid compositions of the phospholipids are shown in Tables 8.28. and 8.29. 
As expected, the phospholipid fraction contained much greater amounts of the PUF A 
than did the total lipid or neutral lipid fractions. 
As shown in Table 8.28., the content and percentage of saturated fatty acids, C 12:0, 
CI4:0, C16:0 and CI8:0, and monounsaturated fatty acid CI8:ln-9 in the phospholipid 
fraction were not significantly different across the treatments. The content and 
percentage of n-6 series fatty acids, CI8:2n-6, C20:3n-6 and C22:4n-6, were 
significantly higher in the control treatment. Another n-6 fatty acid, C20:4n-6, was not 
significantly different across treatments on a weight basis, but the percentage of this 
fatty acid was also greatest in the control treatment (P<O.OOI). 
The highest content and percentage of Cl8:ltrans was observed in the linseed plus fish 
oil treatment (P<O. 001). Protected linseed treatment contained the greatest content and 
percentage of CI8:3n-3 (P<O.OOl). 
The content and percentage of n-3 C20 and C22 PUFA, C20:4n-3 and C22:6n-3 were 
significantly highest in the linseed plus fish oil treatment as shown in Table 8.28. 
Another n-3 C22 PUFA, C22:5n-3 content was not significantly different across 
treatments, but the percentage of this fatty acid was greatest in the linseed plus fish oil 
treatment (P<0.05). The total fatty acid content was not significantly different across 
treatments. 
The phospholipid fraction was approximately 14.23% in Friesian x Holstein and 
19.10% in Welsh Black expressed as a percentage of total fatty acid. Friesian x 
Holstein contained approximately 29% of two or more double bonds fatty acids in the 
phospholipid fraction compared to approximately 1.4% in the neutral lipid fraction, and 
Welsh Black contained approximately 30.4% of those fatty acids in the phospholipid 
fraction and approximately 1.7% in the neutral lipid fraction. 
As shown in Table 8.29, the content of C14:0, C16:0, C18:1n-9, C20:3n-6, C20:4n-6 
and C22:4n-6 were significantly greater in Friesian x Holstein than Welsh Black while, 
Friesian x Holstein had a smaller content of C20:5n-3 (P<O.05) than Welsh Black. 
Likewise, the percentage of CI4:0, C16:0, C20:3n-6, C20:4n-6 and C22:4n-6 were 
significantly greater in Friesian x Holstein than Welsh Black. However, the percentage 
ofC18:3n-3, C20:5n-3 and C22:5n-3 were much less in Friesian x Holstein than Welsh 
Black. 
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Table 8.28. Feed effect on fatty acid composition of phospholipid in m.longissimus dorsi muscle in Friesian x Holstein and 
Welsh Black cattle fed on diets containin differin fat sources (9 animals r treatment). 
(mG!lOOg muscle) (eercentage by weight of total fatty ac· s) 
Fatt~ acid Control Linseed Linseed+Fish oil s.e.d sig Control Linseed Linseed+Fish oil s.e.d SIg 
C 12:0 lauric 0.32 0.53 0.29 0.215 ns 0.06 0.08 0.04 0.030 ns 
C14:0 myristic 4.0 4.05 4.12 0.881 ns 0.65 0.69 0.72 0.120 ns 
C16:0 palmitic 96.6 87.2 88.2 9.37 ns 16.39 15.44 16.11 0.552 ns 
C18:0 stearic 60.6 61.8 56.4 5.21 ns 10.40 11.01 10.39 0.293 ns 
Cl8:1trans 2.02a 3.46a 8.86b 0.988 *** 0.34a 0.60b 1.58c 0.093 *** 
C18: In-9 oleic 134.1 126.6 113.4 12.98 ns 22.75 22.44 20.78 0.917 ns 
C 18:2n-6 linoleic 75.2b 59.Qa 54.0a 6.55 ** 12.89b 1O.47a 10.00a 0.626 *** 
C 18:3n-3 a.-linolenic 14.65a 24.31 b 18.60a 1.999 *** 2.6Qa 4.33c 3.45b 0.228 *** 
C20:3n-6 9.51b 6.71a 5.89a 1.034 ** 1.60b 1.18a 1.08a 0.113 *** 
C20:4n-6 arachidonic 32.2 28.1 24.6 2.98 ns 5.50b 4.96a 4.51a 0.232 *** 
C20:4n-3 3.34a 4.35a 6.75b 0.680 *** 0.58a 0.77b 1.21c 0.062 *** 
C20:5n-3 (EPA) 2.81b 2.04a 1.61a 0.262 *** 0.48c 0.36b 0.30a 0.025 *** 
C22:4n-6 13.77a 16.34ab 18.95b 1.865 * 2.44a 2.93b 3.48c 0.165 *** 
C22:5n-3 (DPA) 22.78 23.21 23.78 2.154 ns 3.95a 4. 14ab 4.39b 0.157 * 
C22:6n-3 (DHA) 2.71a 3.22a 6.06b 0.465 *** 0.47a 0.58b 1.11 c 0.048 *** 
Total fattx acids 584.0 565.0 545.0 529.0 ns 94.62b 93.55ab 92.80a 0.686 * 
Means with different superscripts in the same row are significantly different (P<O.05) 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
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Table 8.29. Breed effect on fatty acid composition of phospholipid in m.longissimus dorsi muscle in Friesian x Holstein and 
Welsh Black cattle fed on diets containin~ differin~ fat sources (9 animals per treatment). 
(eercentage by weight oftotalfaity-acias] (m8/100g muscle) 
Fatt~ acid Friesian x Holstein Welsh Black s.e.d 
C 12:0 lauric 0.43 0.34 0.175 
C14:0 myristic 5.14 2.97 0.719 
C 16:0 palmitic 99.2 82.1 7.65 
C18:0 stearic 62.7 56.4 4.26 
Cl8:1trans 5.15 4.40 0.807 
CI8:1n-9 oleic 135.7 113.7 10.60 
C 18:2n-6 linoleic 67.9 57.6 5.35 
CI8:3n-3 a-linolenic 18.22 20.16 1.632 
C20:3n-6 8.77 5.97 0.844 
C20:4n-6 arachidonic 32.3 24.3 2.43 
C20:4n-3 5.21 4.42 0.555 
C22:4n-6 2.70 1.61 0.214 
C20:5n-3 (EPA) 14.73 17.97 1.376 
C22:5n-3 (DPA) 23.15 23.36 1.759 
C22:6n-3 (DHA) 3.99 4.00 0.380 
Total fatty acids 601.0 528.0 43.2 
Means with different superscripts in the same row are significantly different (P<0.05) 



















Friesian x Holstein Welsh Black s.e.d 
0.06 0.06 0.024 
0.84 0.54 0.100 
16.54 15.43 0.450 
10.52 10.68 0.240 
0.86 0.82 0.076 
22.59 21.39 . 0.749 
11.23 11.01 0.511 
3.06 3.85 0.186 
1.44 1.14 0.092 
5.35 4.63 0.190 
0.87 0.83 0.050 
0.44 0.31 0.020 
2.49 3.41 0.135 
3.87 4.45 0.128 
0.68 0.76 0.039 


















The total fatty acid content in the phospholipid fraction was not significantly different 
between two breeds. This shows that the breed difference in % fatty acid composition 
observed in total lipid is not just because the Welsh Blacks have less lipid (marbling fat) 
so that the unsaturated PUPA in phospholipids make a greater % contribution. Instead, 
the effect is due to a real difference in the composition of phospholipids between the 
breeds. This might be explained by differences in the type of muscle fibres. 
Fatty acid composition of neutral lipid fraction 
The fatty acid composition of the neutral lipid fraction of m.longissimus dorsi muscle is 
presented in Tables 8.30, 8.31, 8.32 and 8.33. 
The major fatty acids in the neutral lipid fraction were CI6:0, C18:0 and C18:1n-9 
which together accounted for around 80% of the total fatty acids in Friesian x Holstein 
and Welsh Black animals. No long chain PUPA were detected in this fraction. 
As shown in Tables 8.30. and 8.31., the content ofCI6:0, C18:0 and CI8:1n-9, which 
are the three major fatty acids, were not significantly different across the treatments. 
However, the percentage of C16:0 (P<O.OOl) and C18: In-9 (P<O.OOl) were greatest in 
the control treatment. 
Table 8.30. Effect of diet on fatty acid content of neutral lipid in m.longissimus dorsi 
muscle in Friesian x Holstein and Welsh Black cattle fed diets containing different fat 
sources (9 animals per treatment). 
Fatty acid Control Linseed Linseed+ Fish oil s.e.d sig 
(mg/JOOg muscle) 
C 12:0 lauric 1.72 2.31 2.53 0.445 ns 
C14:0 myristic 84.1 98.5 87.9 19.48 ns 
C16:0 palmitic 844.0 886.0 734.0 166.0 ns 
C 18:0 stearic 459.0 545.0 385.0 95.8 ns 
Cl 8: 1 trans 54.1a 84.1a 127.5b 21.10 ** 
C18:1n-9 oleic 1086.0 1274.0 844.0 248.6 ns 
CI8:2n-6linoleic 29.0 29.3 26.7 6.25 ns 
CI8:3n-3 a-linolenic 11.4a 19.8b 12.8a 3.01 * 
Total fatty acids 2868.0 3339.0 2576.0 623.1 ns 
Means with different superscripts in the same row are significantly different (P<0.05) 
ns P>0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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The content and percentage of C18:1trans, which is a by-product of ruminal 
biohydrogenation, was greatest in the protected linseed and fish oil mixed treatments 
(P<O.OI). The percentage ofC12:0 and C14:0 were greatest in the mixed treatment and 
that ofCI8:3n-3 was greatest in the protected linseed treatment (P<O.OOl). There was 
no significant difference in the content and percentage of C18:2n-6 across treatments. 
Table 8.31. Effect of diet on fatty acid content of neutral lipid in m.longissimus dorsi 
muscle in Friesian x Holstein and Welsh Black cattle fed diets containing different fat 
sources (9 animals Eer treatment). 
Fatt~ acid Control Linseed Linseed+Fish oil s.e.d 
l!.ercentaG.,e 
C 12:0 lauric 0.06a 0.08ab 0.11 b 0.017 
C 14:0 myristic 2.97a 2.96a 3.35b 0.167 
C16:0 palmitic 29.55b 26.78a 28.79b 0.597 
C 18:0 stearic 15.98 17.17 15.45 0.694 
Cl8:1trans 1.83a 2.62b 4.97c 0.323 
C 18: In-9 oleic 37.76b 36.93b 32.16a 0.978 
C 18:2n-6 linoleic 1.05 0.91 1.12 0.169 
C18:3n-3 a-linolenic 0.43a 0.63c 0.52b 0.039 
Total fatt~ acids 95.12c 93.21 b 92.13a 0.343 
Means with different superscripts in the same row are significantly different (P<O.05) 











The neutral lipid fraction was composed of about 46% saturated fatty acids, 43% 
monounsaturated fatty acids and 1.4% PUFA in Friesian x Holstein, and 50% saturated 
fatty acids, 38% monounsaturated fatty acids and 1.7% PUFA in Welsh Black. The 
neutral lipid fraction was approximately 86% in Friesian x Holstein and 81 % in Welsh 
Black expressed as a percentage of total fatty acid. 
As shown in Tables 8.32. and 8.33., the neutral lipid fraction from Friesian x Holstein 
muscle contained greater levels of C16:0 (P<0.05) and C18: In-9 (P<O.Ol) than that from 
Welsh Black, but no breed effect was observed for C18:0 between the two breeds. The 
percentages of C 16:0 was not significantly different between the two breeds but that of 
CI8:1n-9 was greater in Friesian x Holstein (P<O.OOl). Welsh Blacks contained a 
greater percentage of CI8:3n-3 (P<O.OOl) than Friesian x Holstein which was also 
observed in phospholipids. There was no difference in the content and percentage of 
CI8:2n-6 between the two breeds. Total fatty acid content was greater in Friesian x 
Holstein than Welsh Black (P<0.05) as also observed for total lipid. 
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Table 8.32. Effect of breed on fatty acid content of neutral lipid in m.longissimus 
dorsi muscle in Friesian x Holstein and Welsh Black cattle fed diets containing different 
fat sources (9 animals per treatment). 
Fatty acid Friesian x Holstein Welsh Black s.e.d slg 
(mg/100g muscle) 
C 12:0 lauric 2.41 1.95 0.363 ns 
C14:0 myristic 113.8 66.6 15.91 ** 
C 16:0 palmitic 1005.0 638.0 135.5 * 
C18:0 stearic 522.0 404.0 78.2 ns 
Cl8:1trans 104.0 73.2 17.22 ns 
CI8:1n-9 oleic 1368.0 767.0 203.0 ** 
CI8:2n-6Iinoleic 33.3 23.4 5.10 ns 
CI8:3n-3 a-linolenic 16.5 12.7 2.46 ns 
Total fatty acids 3620 2235 508.0 * 
ns 1»0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
Table 8.33. Effect of breed on fatty acid content of neutral lipid in m.iongissimus 
dorsi muscle in Friesian x Holstein and Welsh Black cattle fed diets containing different 
fat sources (9 animals per treatment). 
Fatty acid Friesian x Holstein Welsh Black s.e.d sig 
percentage 
C 12:0 lauric 0.07 0.10 0.014 * 
C14:0 myristic 3.13 3.06 0.136 ns 
C 16:0 palmitic 28.13 28.61 0.487 ns 
C18:0 stearic 14.57 17.84 0.567 *** 
Cl8:1trans 2.97 3.32 0.263 ns 
CI8:1n-9 oleic 37.28 33.95 0.799 *** 
CI8:2n-6linoleic 0.93 1.12 0.138 ns 
C 18:3n-3 a-linolenic 0.45 0.61 0.032 *** 
Total fatty acids 93.44 93.54 0.280 ns 
ns 1»0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
Nutritional indices 
The P:S and n-6:n-3 ratios important for human health, are shown in Tables 8.34. and 
8.35. There were no diet effects on P:S ratios across the treatments. The n-6:n-3 ratio 
however calculated was greatest in the controls (P<O.OO 1). 
The 1 P:S ratio was not significantly different between two breeds, but 2p:S ratio 
(excluding C18:0) was greater in Welsh Blacks than Friesian x Holstein (P<0.05). 
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The ratio of 3n-6:n-3 (C18:2n-6 to C18:3n-3) and 4n-6:n-3 fatty acid was greater in 
Friesian x Holstein than Welsh Black (P<O.OOl and P<O.OOl, respectively) so Welsh 
Blacks had slightly 'healthier' meat. 
Table 8.34. Effect of dietary fat supplements on the P:S ratio and n-6:n-3 ratio in 
Friesian x Holstein and Welsh Black cattle. 
Control Linseed Linseed+Fish oil s.e.d 
Ip:S 0.10 0.09 0.09 0.015 
2P:S 0.15 0.13 0.12 0.023 
3n-6:n-3 3.98c 2.03a 2.61b 0.156 
4 n-6:n-3 3.21b 1.86a 1.83a 0.116 
Means with different superscripts in the same row are significantly different (P<O.05) 
ns P>O.05, *P<O.05. **P<O.OI and ***P<O.OOI 
IP:S=(CI8:2n-6+18:3n-3) / (CI2:0+CI4:0+CI6:0+CI8:0) 






3n-6:n-3=CI8:2n-6:C18:3n-3. 4 n-6:n-3=(C 18:2n-6+C20:3n-6+C20:4n-6+C22:4n-6)/ (CI8:3n-
3+C20:4n-3+C20:5n-3+C22:5n-3+C22:6n-3) 
Table 8.35. Effect of breed on P:S ratio and n-6:n-3 ratio in Friesian x Holstein 
and Welsh Black cattle fed on diets containing different fat sources. 














1 P:S=(CI8:2n-6+ 18:3n-3) / (CI2:0+CI4:0+CI6:0+CI8:0) 









3n-6:n-3=CI8:2n-6:CI8:3n-3, 4 n-6:n-3=(CI8:2n-6 + C20:3n-6 + C20:4n-6 + C22:4n-6) / (CI8:3n-3+ 
C20:4n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3) 
8.6.3.2. Sensory quality analysis 
The influence of diet and breed on the eating quality of grilled beef steaks is shown in 
Tables 8.36., 8.37. and 8.38. 
The effect of diet in terms of flavour profile was not significant except that, surprisingly. 
fishy notes were significantly greater in the control diet than in the other diets although 
the values were very low. 
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Table 8.36. Influence of diet and breed on the eatin~ gualit~ of ~riIIed beef steaks in tenns of Flavour Profile. 
Values are the means derived/rom analysis o/variance with Diet and Breed as/actors 
Diet Breed 
Attributes Control Linseed Linseed+Fish oil sed Sl~ Friesian x Holstein Welsh Black sed Sl~ 
Toughness 38.97 39.81 38.37 1.90 ns 37.30 40.80 1.55 * 
Juiciness 34.13 30.12 31.30 1.82 ns 31.66 32.03 1.49 ns 
Beef Flavour 26.72 25.23 27.26 1.85 ns 26.44 26.37 1.51 ns 
Fatty/Greasy 19.40 15.61 15.70 1.84 ns 16.13 17.67 1.51 ns 
Bloody 6.24 5.29 7.47 1.61 ns 6.42 6.24 1.31 ns 
Livery 8.02 6.30 7.17 1.88 ns 8.03 6.30 1.54 ns 
Metallic 6.12 4.28 5.22 1.32 ns 4.68 5.73 1.08 ns 
Bitter 7.30 7.97 7.99 1.80 ns 8.13 7.38 1.47 ns 
Sweet 8.86 9.06 8.60 1.62 ns 8.42 9.26 1.33 ns 
Rancid 7.12 5.33 4.78 1.53 ns 6.05 5.43 1.25 ns 
Fishy 3.79b 1.88ab 1.42a 1.01 * 1.90 2.83 0.82 ns 
Acidic 6.65 7.69 6.57 1.15 ns 7.58 6.35 0.94 ns 
Cardboard 4.57 6.24 5.94 1.48 ns 4.66 6.51 1.20 ns 
Vegetable 7.90 7.38 8.40 1.42 ns 7.71 8.11 1.16 ns 
Overall liking 24.77 23.37 25.63 1.83 ns 25.73 23.45 1.49 ns 
Means with different superscripts in the same row are significantly different (P<0.05) 
ns 1»0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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Table 8.37. Influence of diet and breed on the eating quality 2fgrill~d beef m.longissimus do~s! steaks in t~n!l.s_ of category scales. 
Values are the means derived/rom analysis o/variance with Diet and Breed as a/actor. 
Diet Breed 
Attributes Control Linseed Linseed+Fish oil s.e.d sig Friesian x Holstein Welsh Black s.e.d sig 
Texture 4.42 4.33 4.64 0.130 ns 4.55 4.38 0.106 ns 
Juiciness 4.19a 4.39ab 4.53b 0.124 * 4.30 4.44 0.101 ns 
Beef flavour 3.54 3.39 3.46 0.123 ns 3.46 3.47 0.100 ns 
Abnormal flavour 3.27 3.51 3.37 0.137 ns 3.33 3.43 0.112 ns 
Flavour liking 4.01 3.79 3.92 0.138 ns 3.93 3.89 0.112 ns 
Overall liking 3.73 3.57 3.68 0.119 ns 3.72 3.60 0.097 ns 
Figures with the same superscript do not differ significantly 
ns P>0.05, *P<0.05, P<O.Ol and ***P<O.OOI 
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In tenns of overall liking, the linseed plus fish oil treatment seemed to be liked the most 
although there was no significant difference from the control or linseed alone diets. 
The effect of breed in tenns of flavour profile was not significant except, 'toughness' 
notes were significantly greater in Welsh Black animals than in Friesian x Holstein. In 
tenns of overall liking, the steaks from Friesian x Holstein appeared to be liked the most 
although they did not differ significantly from Welsh Black steaks. 
Results describing the intensities of the main attributes are given in Tables 8.37. and 
8.38. There were no significant breed or diet effects on eating quality, other than the 
diet effect on juiciness, where the highest value was in the linseed plus fish oil treatment 
(Table 8.37.). 
The interaction between diet and breed was significant for some eating quality traits as 
shown in Table 8.38. Beef flavour intensity, abnormal flavour intensity, flavour liking 
and overall liking were scored differently between breeds depending on diet. For 
example, beef flavour was more intense in Friesian x Holsteins fed the control diet but in 
Welsh Blacks fed the linseed plus fish oil diet. The same was true for flavour liking and 
overall liking, i.e. the scores were higher in the Friesian x Holstein animals fed the 
control diet and in the Welsh Black animals fed the linseed plus fish oil diet. 
Table 8.38. Influence of diet and breed on the eating quality of grilled beef loin 
steaks. 
Values are the means derivedfrom analysis a/variance with Diet and Breed as a/actor 
Control Linseed Linseed+Fish oil 
Breed FrxH WB FrxH WB FrxH WB s.e.d si~ 
Attributes 
Texture 4.54 4.31 4.45 4.22 4.67 4.62 0.183 ns 
Juiciness 4.07 4.31 4.27 4.52 4.57 4.49 0.175 ns 
Beef flavour 3.71 c 3.36ab 3.45abc 3.34a 3.21 a 3.70bc 0.173 ** 
Abnonnal flavour 3.02a 3.52bc 3.43bc 3.59c 3.56bc 3.19ab 0.194 ** 
Flavour liking 4.23c 3.80ab 3.88abc 3.70a 3.67a 4.16bc 0.195 ** 
Overalilikins 3.92c 3.54ab 3.72abc 3.42a 3.53ab 3.84
bc 0.169 ** 
Figures with the same superscript do not differ significantly 
ns 1»0.05, *P<0.05, P<O.OJ and ***P<O.OOI 
The results of these tests are similar to these in the first beef trial in that linseed and 
linseed plus fish oil did not result in an eating quality deterioration. Fish oil alone was 
not tested in this work. 
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8.6.3.3. Muscle lipid oxidation (TBARs) 
Resul ts from the induced TBA-test are shown in Figures 8.17., 8.18. and Table 8.39. 
Friesian x Holstein animals tended to have higher levels of oxidation than Welsh Black 
at each incubation time. In the Friesian x Holstein but not in the Welsh Black there was 
hi gher oxidation in the linseed plus fish oil diet than in the other two diets. 
Figure 8.17. Development of lipid oxidation (MDA mg/kg) in psoas muscle 
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Figure 8.18. Development of lipid oxidation (MDA mg/kg) in psoas muscle 
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Table 8 . 39. The interactive effect of diet x breed on induced TBA values (8 animaL 
per treatment). 





Linseed Linseed+Fish oil s.e.d slg 
0.59<)<rl 0.661d 0.04 * 
0.570bc 0.507ab 0.04 * 
Figures with the same superscript do not differ significantly 
os P>O.05, *P<O.05, P<O.OI and ***P<O.OOI 
TBARs test values in m.iongissimus dorsi steaks measured by Tarladgi methodology 
after different periods of display in overwrap packs are shown in Figures 8.19. and 
8.20. 
There was no significant diet effect (P=0.062) although the steaks from both breeds fed 
linseed plus fish oil tended to have higher TBA values at 8 and 11 days storage. TBA 
values from Friesian x Holstein were lightly lower than Welsh Black after 4 days of 
display although both had imilar values after 8 and 11 days. 
Figure 8.19. Development of lipid oxidation (MDA mg/kg) in m.longissimus dorsi 
































Overall, all induced TBA and TBARS test values from different diet and breeds were 
under the value of 1.0 which indieates that the meat would be acceptable to most 
consumers (Younathan and Watts, 1959). 
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Figure 8.20. Development of fat rancidity (MDA mg/kg) in m.longissimus dorsi 

































8.6.3.4. Vitamin E concentration 
The mean vitamin E concentrations in m.iongissimus dorsi steaks for the three diets 
were very similar as shown in Figure 8.21. Welsh Black animals fed the control diet 
had the highest vitamin E concentration than other groups. 
Figure 8.21. Mean (±s.e.m.) vitamin E values in m.longissimus dorsi steaks 


































8.6.3.5. Colour evaluation 
Two different types of packaging systems were used as previously reported in the first 
trial. 
Colour in overwrapped (OW) samples 
'Hue' values in Friesian x Holstein and Welsh Blacks are shown in Figurcs 8.22. and 
8.23., respectively. It can be seen that there was no significant difference in 'Hue' 
values on day 0 for both brceds (around 25.0-26.0). 
Figure 8.22. The effect of time displayed upon hue value of overwrapped 
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Figure 8.23. The effect of time displayed upon hue value of overwrapped 
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'Hue' values were relatively constant over 9 days but then increased markedly so that by 
day 14 there was a major differences between the treatments, the steaks from Friesian x 
Holsteins fed the control diet having the highest 'hue' values. 
Saturation value of the overwrapped steaks are shown in Figures 8.24. and 8.25. These 
declined over the 16 days di play period from an initial value of about 24. 
Figure 8.24. The effect of time displayed upon saturation of overwrapped 
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Shelf-life was 12-14 day , lightly shorter in Welsh Black, especially tho e fed the 
linseed and linseed plus fish oil diets. 
Figure 8.25. The effect of time displayed upon saturation o~ overw~pped 
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Colour in modified atmosphere packed (MAP) samples 
'Hue' values of the steaks from Friesian x Holstein and Welsh Blacks fed three different 
diets and packed in a modified atmosphere are shown in Figures 8.26. and 8.27. 'Hue' 
values were relatively constant over 13 to 14 days but then increased markedly. A day 
2] there were no major differences between treatments although the steaks from Friesian 
x Holstein animals fed the control diet had the highest 'hue' values. These results are 
similar to these for overwrapped steaks. 
Figure 8.26. The effect of time displayed upon hue value of MAP sirloin 
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Figure 8.27. The effect of lime displayed upon hue value of MAP 
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Saturation value of the steaks are shown in Figures 8.28. and 8.29. 'Saturation' values 
declined over the 21 days display period from an initial value of about 25. The steaks 
from both breeds fed the control treatment had about 13 days shelf-life i.e. shelf life in 
MAP was about 1 day longer than when over wraps were used. 
Figure 8.28. The effect of time displayed upon saturation value of MAP sirloin 
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Figure 8.29. The effect of time di played upon saturation value of MAP 
sirloin steaks from Welsh Black animals fed different diets 
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Overall, the steaks from Friesian x Holstein animals \vere slightly more stable than the 
steaks from Welsh Blacks as also shown for the over wraps. In both breeds the linseed 
plus fish oil diet gave the best shelf-life although the difference between control and 
linseed plus fish oil mix diet was not significant in WeI h Black animals (Figures 8.28. 
and 8.29.). 
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8.6.3.6. Drip loss 
The results for drip loss were variable with apparently a much higher drip loss in Welsh 
Black cattle fed the linseed diet (Figure 8.30.). There are no apparent reasons for this 
result. 
Figure 8.30. Effect of different dietary fat sources on drip of m.iongissimus dorsi 
muscle from two different breeds stored in vacuum bags for 11 days 
















As also reported in the previous experiment., significant changes in the concentrations of 
nutritionally valuable n-3 PUFA were produced in beef steers by feeding different diets. 
However, aJtbough feeding fonnaldehyde protected linseed increased the concentration 
of C18:3, it did not cause a bigger effect than that of whole linseed as used in the first 
triaJ, suggesting that the 'protection' produced by the fonnaJdehyde treatment was not 
effective. Other authors have referred to the lack of consistency of the commercial 
treatment process with fonnaJdehyde and this is probably even more marked with the 
whole seed than the oil. The strongly hydrogenating environment of the rumen in cattle 
fed forage diet~ ha~ been empha~ised here. 
The changes in muscle fauy acid composition affected shelf-life as determined by lipid 
oxidative stability and colour and also had some imptct on flavour although the effects 
depended on the breed x diet interaction and were not as marked as in trial 1 where fish 
oil alone was used. 
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The meat from both breeds fed the linseed containing diets would make an important 
nutritional contribution to the diet of consumers and would have acceptable oxidative 
stability, flavour characteristics and colour shelf-life attributes. 
An important conclusion from this trial was that the breeds had different capacities to 
deposit n-3 PUFA in muscle. Total lipid of Welsh Blacks had higher percentages of 
CI8:3 and other n-3 PUFA. This was not only because they had less total lipid than 
Friesian x Holsteins but mainly that their phospholipids contained more n-3 and fewer n-
6 PUFA. It is possible that this effect is due to a difference in muscle fibre type between 
the breeds. 
The difference in fatty acid composition had relatively few effects on the meat quality 
traits examined. It did not increase TBA values in comparison with Friesian x Holstein 
as measured in the induced or display trials or markedly influence colour shelf life 
(although saturation declined slightly more rapidly in Welsh Black). There were also no 
clear breed effects on flavours apart from the interaction effect whereby Friesian x 
Holstein fed the control diet had the highest beef flavour and lowest abnormal flavour 
scores. This group had the lowest n-3 PUFA content of all. However, Welsh Black 
given the linseed plus fish oil diet had the second highest beef flavour score and levels of 
n-3 PUFA were high. 
There is no clear explanation for the significantly lower toughness score in Friesian x 
Holstein compared with Welsh Blacks (the category score for Friesian x Holstein was 
also higher for tenderness). However, the dairy breed had significantly more total lipid 
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A SURVEY OF FATTY ACID COMPOSITION AND MEAT QUALITY IN 
LAMB FROM 4 BREED X PRODUCTION SYSTEM GROUPS 
9.1. Introduction 
There is evidence that certain breeds, reared in a particular way, produce unusual or 
characteristic tastes in cooked meat. Such effects could be linked to differences in meat 
fatty acid composition associated with the consumption of different diets. 
The main aim of this study was to determine whether the major variations in breed and 
production system operating in the UK produce important variations in the fatness, fatty 
acid composition and quality of sheepmeat. In particular, the aim was to investigate the 
association between muscle fatty acid composition and meat quality in a population of 
sheep whose composition had been manipulated 'naturally' by using very different 
production systems. Also, to contrast the most numerous UK breed type (Suffolk cross), 
produced on either grass or concentrates, with other breeds for whom claims have been 
made for flavour and quality. These include the pure Welsh Mountain which is a 
common hill breed found in Wales and the pure Soay which is a primitive minority breed. 
Throughout the research quality was defined in terms of eating quality particularly flavour 
and the oxidative stability of muscle pigments and lipids. 
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9.2. Materials and methods 
9.2.1. Experimental animals and treatments 
The experimental plan, shown in Figure 9.1, was designed to investigate the effects of 
breed (Suffolk, Welsh Mountain, Soay) on fatty acid composition and meat quality 
attributes using a total of 80 animals with 20 animals per treatment, including a 
comparison of grass and concentrate feeding within Suffolks. 
Figure 9.1. Flow chart showing details of the experimental design to assess the 
effects of feed and breed on fatty acid composition and meat quality 
80 animals Suffolk (grass) 
Suffolk (concentrate) 
Soay (grass) 
Welsh Mountains (grass) 
20 animals in each treatment groups 
Fed for 12- 24 weeks 
Slaughter Evaluation of carcass characteristics. l pH estimation at 24hr 
24 hr post slaughter 
m.longissimus dorsi and hind leg muscle (GB, SM, ST) were removed for initial tests: 
Fatty acid composition 
Ageinl for 6 days. k Ageing for 10 days 
at 1°C m vacuum pac 1 
A er ageing, samples were displayed at 4°C to m ure: 
Retail display ~ 
Colour dete!oration during display Colour deterioration during display 
Vyncke TBA-test after 6 days dIsplay 




Two groups of 20 ram lambs, from the Harper Adams University College flock (Suffolk 
x Mules) were reared on grass or concentrates under controlled conditions. A further 2 
groups were reared under typical commercial conditions (Welsh Mountain and Soay 
lambs on grass). 
Suffolk crosses were selected to represent the most numerous UK lamb type and are 
noted for having a high lean tissue growth rate, whilst Soays are a Northern European 
short tailed breed noted for having very low carcass fat levels and possibly a 'unique' 
taste. 
Welsh Mountain sheep are a small breed noted for good eating quality. These animals 
were sent to Langford when they achieved minimum finished Jive weights of 40 kg for 
Suffolk and 20 kg for Soay and Welsh Mountain. 
9.2.1.2. I>iets 
Welsh lambs were grazed in the Gam area of Wales, a mountainous area with an annual 
rain fall over 100 inches. A description of the herbage grazed by the lambs was dry grass 
heath with Fescue and Nardus plus Vaccinium and other Dwarf Shrub Heath plants, 
particularly Call una (heather). The animals were slaughtered at less than 1 year of age at 
normal commercial weights. 
Soay Iambs were obtained from several producers in the South of England and Wales. 
Animals under I year of age were specified although all animals were at least that age at 
slaughter and 6 out of 20 had 2 permanent incisor teeth and so were at least 2 years old. 
Suffolk x Mule lambs which were fed commercial lamb concentrates were given the diet 
whose composition is shown in Table 9.1. 
Suffolks fed grass were from the same flock as those given concentrates and were fed an 
young ryegrass pasture from weaning at I month of age. Slaughter age for both Suffolk 
groups was about 5 months. 
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9.2.2. Slaughter, carcass quality and meat quality assessments 
The animals were brought to Langford the day before the planned slaughter day, 
slaughtered and dressed according to the normal slaughter procedure as described under 
section 7.1., and sampled on the following day. 
Procedures during the slaughter process (carcass weight, temperature, pH, carcass 
fatness and confonnation) and some of meat quality assessments such as colour 
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measurements, flavour analysis and statistical analysis are described in Chapter 7, 
sections 7.2., 7.3. and section 7.4. 
Carcasses were kept during the slaughter procedure at 10°C or above and were then 
moved to the chiller which was at 1°C for 24 hours. 
The m.semimembranosus (SM), m.semitendinosus (ST) and m.gluteobiceps (GB) 
muscles from the left leg were dissected, trimmed of fat, vacuum packed and frozen for 
subsequent analysis of fatty acids using the method of Folch et al. (1957), as described 
previously (section 7.7.1 and section 7.7.2 ). 
Lamb loins were removed (bone-in loins) from both carcass halves, vacuum packed on 
boning days, aged 10 days at O°C then frozen for instrumental flavour analysis (section 
7.11.1.) which was done by Reading University and sensory quality analysis (section 
7.11.2.). Four 1.5 cm thick steaks, (which included the SM, ST and GB) were cut from 
the right leg of each lamb, taken from the cranial end of the patella. Steaks 1 and 3 were 
vacuum packed and aged for 6 days whilst steaks 2 and 4 were packed and aged for 10 
days at O°C. Aged steaks were repackaged in a modified atmosphere and displayed under 
simulated retail conditions as described in chapter 7, (Section 7.5) for 7 days and 6 days 
respectively, measuring colours of the m.semimembranosus (SM), m.gluteobiceps (OB) 
and m.semitendinosus (ST) daily. At the end of the display period, each of the three 
muscles were dissected from the steak and a Vyncke TBA test (as described under section 
7.8.3.) carried out as a measure of fat rancidity. 
9.2.3. Statistical analysis 
A simple one way Analysis of Variance (Genstat 5, Lawes Agricultural Trust, 1990) was 
used to analyse most data such as colour, lipid oxidation and fatty acid composition 
results. Sources of variation were breed and feed. The sensory results were analysed 
using a two way analysis of variance, with treatment and assessors as factors. 
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9.3. Results and discussion 
9.3.1. Carcass data 
Carcass weights, carcass confonnation and fatness scores and forelimb composition are 
shown in Table 9.2. 
Suffolks fed on the concentrate diet had significantly heavier and fatter carcasses than the 
Welsh Mountain, Soay and Suffolks fed on grass (P<O.OOI). 
Carcasses from Soays and Welsh Mountains had low carcass fatness and confonnation 
scores although Welsh Mountains had a surprisingly high concentration of subcutaneous 
fat in the forelimb. The results in Table 9.2. show the difficulty of obtaining a sufficient 
meat yield in very small breeds such as the Soay and Welsh Mountain. 
Table 9.2. Effect of breed, ~rass and concentrate sUEElementation on carcass 9ualit~. 
Suffolks Suffolks Welsh Mountain Soa~ s.e.d si~ 
Concentrates Grass 
Hot carcass weight (kg) 20.0c 18.3b lOAa 1O.9a 0.55 *** 
Cold carcass weight (kg) 19.5c 17.8b 1O.oa 10.5 a 0.55 *** 
Confonnation (1-15) 8.0c 7.8c 3.0b 1.4a 0.39 *** 
MLC equivalent class R R P P 
Fatness (1-15) 7.9 6.7 3.8 1.4 *** 
MLC equivalent class 3L 2 1 1 
Forelimb composition(%) 
Subcutaneous fat 5.35c 3.28b 4.77C lA5a 0.37 *** 
Lean 58.0a 59.7b 61.8c 66.3d 0.52 *** 
Means with different superscripts in the same row are significantly different (P<O.05) 
***P<O.OOI 
Temperature recorded in the deep leg and m.longissimus dorsi was approximately 12°C 
at 10 hours post -slaughter indicating that muscle fibres would not be cold shortened. 
Mean ultimate pH was 5.76 indicating none of the animals produced dark cutting meat. 
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9.3.2. Shelf-life and meat quality studies 
9.3.2.1. Muscle fatty acid composition 
The content of fatty acids in the total lipid of the m.semimembranosus 
9.3. 
hown in Table 
There was a significant effect of treatment (P<O.OOl) on the total fatty acid composition of 
the m.semimembranosus , WeI h Mountain heep having the high t fatty acid content 
(2.51g/100 muscle) and Soay heep the lowest (1.67g1100 mu de). There was no 
significant difference in the total fatty acid content between Suffolks fed on gras and 
concentrates (1.85 and 1.96g/100g mu de, re pectively). 
Figure 9.2. Effect of feed and breed on lamb m.semimembrano u saturated 
fatty acid (Mean and .e.m.) 
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Concentrate Grass 
Welsh Mountain heep had the highest concentration of saturated fau acid (Figure 9.2.) 
whilst Soay heep had the highest total PUFA content (390 mgll gr mu de) , (Figure 
9.3.) compared with 295, 267 and 241 mgllOO mu Ie for Suffolk-con entrate, Suffolk-
grass and Welsh Mountain, re pectively. Th e results for Soay are particularly 
interesting ince this breed had the lov est total weight of fatty acid in mu c1e. 
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Table 9.3. Effect of breed and feed on fatt~ acid comEosition of m .. semimembranosus muscles in lambs. 
mg/J OOg muscle % by weight of total fatty acids 
SufTolks SutTolks Welsh Soay Suffolks Suffolks Welsh Mountain Mountain Soay 
Fatty acids Concentrate Grass Grass Grass sed sig Concentrate Grass Grass Grass sed sig 
C12:0 lauric 6.3b 2.8a 12C 2.2a 1.150 *** O.3b O.4c 0.5d O.la 0.031 *** 
C14:0 myristic 45ab 62b l04c 33a 8.96 *** 2.3b 3.2c 4.ld 1.9a 0.197 *** 
C 16:0 palmitic 382b 349ab 492c 274a 36.5 *** 19b 19b 19b 16a 0.442 *** 
C18:0 stearic 238.6a 264.0a 430.6b 224.2a 26.5 *** 12a 14b 17C 14b 0.367 *** 
C18:1 725c 593b 851d 472a 58.8 *** 37d 32b 34c 28a 0.770 *** 
C18: 1 trans 87b 82b 73ab 6P 9.70 ns 4.3C 4.3C 2.9a 3.6b 0.325 *** 
C 18 :2n-6Iinoleic 188c 119b 106a 207d 6.09 *** 9.7c 6.8b 4Aa 12.9d 0.577 *** 
C18:3n-3 linolenic 14a 41b 40b 54C 2.99 *** 0.7a 2.3c 1.6b 3.3d 0.145 *** 
C20:4n-6arachidonic 26a 29a 44b 63C 1.69 *** 3.3C 2.6b 1.9a 4.Qd 0.250 *** 
C20:5n-3 (EPA) 8Aa 24b 23b 29c 0.864 *** OAa lAC LOb l.8d 0.096 *** 
C22:5n-3 (DPA) 16a 27C 22b 26c 0.848 *** 0.8a 1.5b 0.9a l.7c 0.086 *** 
C22:6n-3 (DHA) 5.5a lOb 6.2a lIb 0.502 *** O.3a 0.6b O.3a 0.7b 0.047 *** 
Total fatt~ acids 1963a 1853a 2509b 1668a 157 *** 19.6a 18.5a 25.1b 16.7a 1.57 *** 
Means with different superscripts in the same row are significantly different (P<O.05) 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
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Figure 9.3. Effect of feed and breed on lamb m.semimembrano us muscle PUFA 
concentrations (Mean and s.e.m.) 
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Nutritional indices 
The P:S and n-6:n-3 ratios with respect to human health are shown in Table 9.4. Soay 
Iambs were the only breed with a polyunsaturated: saturated fatty acids (P:S) ratio above 
0.45, as recommended by the Department of Health (1994). The P:S ratios were lower 
than those for pork (Morgan et at., 1992, Enser et at. , 1996), but higher than for beef in 
other studies (0.11-0.13, Enser et ai., 1996, Mandell et at., 1997), suggesting that 
biohydrogenation of PUFA was moderately high in the rumen. 
All the treatments had favourable n-6:n-3 ratios (in the range 1-4), in accordance with 
dietary recommendations (Department of Health, 1994), except the Suffolk-concentrate 
treatment which had a much higher ratio than recommended, nearly double that of pork 
(Enser et at., 1996). 
Table 9.4. Effect of feed and breed on the P:S and n-6:n-3 ratios related to healthy 






Suffolk Grass Welsh Mountain 
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n-6:n-3= (C18:2n-6+C20:3n-6+C20:4n-6) I (C18:3n-3+C20:4n-3+C20:5n-3+C22:5n-3+C22:6n-3) 
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9.3.2.2. M uscle lipid oxidation (TBARs) 
The results from the TBA-test are shown in Figures 9.4. and 9.5. Values for Welsh 
Mountain lambs are included but are not comparable with the other groups because of the 
failure of lights in the display cabinets. Keeping the samples in the dark reduced lipid 
oxidation. 
Figure 9.4. TBA values (±sem) of three lamb muscles from different breeds 
after ageing for 6 days then displaying for 7 days 
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Figure 9.5. TBA values (±sem) of three lamb muscles from different breeds 
after ageing for 10 days then di playing for 6 days 
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Suffolks fed grass tended to have the highest TBA values after 6 days ageing although 
most differences were not ignificant (Figure 9.4.) whilst Soays tended to have the 
highest values after 10 day ageing (Figure 9.5.). 
TBA values were higher in the redder muscles (m.semimembranosus, m.gluteobiceps) 
than in the whiter m.semitendinosus. A expected TBA values were higher after 10 days 
ageing, for similar treatments. 
9.3.2.3. Colour evaluation 
Lightness values in the hind leg muscle, after 6 days ageing are shown in Figure 9.6. 
The m.semitendinosus was lighter than the m.semimembranosus and m.gluteobiceps, 
whilst the three muscles from the Soay lamb were all relatively dark. 
Figure 9.6. Lightne s (L) value of hind leg muscle from Suffolks, Welsh 
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Lightness values, after 10 days ageing, shown in Figure 9.7., were similar to 6 days aged 
values with ST being lighter than the other muscles. Lightnes values for Soay muscle 
were lower than the other two breed as was the case for the 6 days aged samples. 
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Figure 9.7. Lightness (L) values of hind leg muscles from 8uffolks, WeI h 
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Saturation (colour brightne ) values after 6 days ageing declined similarly in all groups 
with display time whilst the changes in saturation for ST, the lighter muscle, were less 
lllarked than in the redder muscles 8M and OB (Figures 9.8., 9.10, and 9.12.). 
Figure 9.S. The change in saturation of SM muscles from lambs after prior ageing 
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Figure 9.9. The change in saturation of SM muscles from lamb after prior 
ageing for 10 days and then displayed for 6 days 
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Saturation values decreased less markedly for Suffolks fed on concentrates than for the 
other groups. 
The trends in saturation values after 10 days ageing were similar, with saturation 
declining less rapidly in concentrate fed animals and values for ST being relatively 
unaffected by display time (Figures 9.9., 9.11. and 9.13.). 
Figure 9.10. The change in saturation of GB muscles from lambs after prior 
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Figure 9.11. The change in saturation of GB muscles from lambs after prior 
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Figure 9.12. The change in saturation of ST muscles from lambs after prior 
ageing for 6 days and then displayed for 7 days 
• Suffolk-Concentrate --0-- Welsh Mountain-Grass 
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Colour shelf-life was about one or two days shorter at the longer (10 days) ageing period 
than for 6 days ageing. 
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Figure 9.13. The change in saturation of ST muscles from lambs after prior 





" .-.. 18 = 






• Suffolk-Concentrate ~ 
• --0-- Suffolk-Grass 





In beef, a saturation value of 18.0 is commonly used to define the end of colour shelf-life 
but it may be that this is not appropriate for sheep since the meat is unifonnly darker. 
9.3.2.4. Sensory quality analysis 
The influence of feed and breed on the eating quality of grilled lamb chops is shown in 
Table 9.5. and summarised in Figure 9.14. 
As shown in Table 9.5., meat from Soays was "tougher", less "juicy", with low "lamb 
flavour", and a higher "abnormal flavour" scores (Figure 9.4.) and had high scores for 
the descriptors "metallic", "bitter" and "livery". Greater toughness scores may have been 
due to greater age although animals less than 1 year of age were specified. 
Suffolks fed concentrate also had low "lamb flavour" and high "abnormal flavour" and 
higher scores for "rancid" and the lower "overall liking" which shows that flavour scores 
for Suffolks fed concentrates paralleled those from Soays in many respects. 
Suffolks fed on grass had the highest score for "overall liking" and the highest score for 
"lamb flavour". Therefore meat [rom Suffolks fed grass was much closer to the 
panellists' ideal for meat taste and the Welsh Mountain results were similar to those for 
Suffolks fed grass. Some of these results would not have been expected based on those 
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Figure 9.14. Influence of diet on the eating quality of grilled m.longissimus dorsi lamb steaks in terms of Ravour Profile 
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for lipid oxidation whereas some would clearly have been predicted e.g. high score for 
"rancid" in Soays. 
Table 9.5. Influence of feed and breed on the eating quality of grilled lamb loin chops 
in terms of flavour Erofile (0-100 mm scales). 
Values are the means derivedfrom analysis a/variance with Breed as a/actor, assessors 
are treated as a 'block' structure. 
Suffolk Suffolk Welsh Mountain Soay 
s.e.d sig 
concentrate Grass Grass Grass 
Attributes 
Toughness 24.36a 28.35b 29.99b 53.55c 1.703 *** 
Juiciness 34.33b 33.81 b 41.Ol c 30.61 a 1.339 *** 
Lamb Flavour 14.90a 27.16c 20.55b 13.51 a 1.427 *** 
Abnormal Lamb Flavour 45.03b 28.19a 28.79a 41.85b 2.036 *** 
Fatty/Greasy 19.47a 18.24a 21.59b 19.04a 1.029 ** 
Sweet 9.08ab 11.23bc 12.06c 7.16a 1.241 *** 
Acidic 6.41 5.87 5.44 6.90 0.793 ns 
Metallic 11.59ab 9.25a 10.57a 14.27b 1.340 ** 
Bitter 14.03b 1O.49a 1O.91a 15.87b 1.452 *** 
Stale 11.88b 8.12a 8.89a 12.28b 1.131 *** 
Rancid 10.34b 6.80a 6.95a 11.01 b 1.263 *** 
Livery 16.67a 14.87a 16.25a 20.51 b 1.673 ** 
Vegetable 9.72 9.90 11.05 11.49 1.142 ns 
Grassy 3.09 2.91 4.20 3.09 0.873 ns 
Fishy 2.03a 1.45a 2.62a 4.76b 0.663 *** 
Ammonia 5.43b 2.54a 3. lOa 5.93b 0.984 *** 
Overalilikin~ 12.87a 23.29c 18.47b 11.12a 1.256 *** 
Figures with the same superscript do not differ significantly 
ns 1»0.05. *P<0.05. **P<O.Ol and ***P<O.OOI 
Overall, the grass feeding increased muscle n-3 PUFA concentrations as mentioned 
previously, improved lamb flavour and increased the overall liking score of grilled lamb. 
In contrast, concentrates increased scores for abnormal flavours possibly because of low 
n-3 and higher n-6 PUFA concentrations. 
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9.3.3. Conclusions 
The results show that there are genetic differences between sheep breeds in the content of 
PUF A and flavour characteristics. These differences in the breeds and diets of lamb have 
important effects on the fatty acid composition of muscle. The changes in fatty acid 
composition affected shelf-life as determined by lipid oxidative stability, colour, and had 
a big impact on flavour. Therefore, Soays which are a small, primitive, lean breed with 
high PUF A concentrations in muscle had unusual flavours in cooked meat. Likewise, 
they had greater toughness than the other breeds although it may have been due to their 
older age. 
The results also show that grass feeding increases muscle n-3 PUFA concentrations and 
improves "lamb flavour" and increases the "overall liking" score of grilled lamb. In 
contrast, concentrates increase scores for "abnormal flavours" possibly because of low n-
3 and higher n-6 PUF A concentrations. The meat produced using grass would make an 
important nutritional contribution to the diet of consumers as well as fine flavour. There 
are eating quality components other than those contributed by fatty acids which are 
significant in determining acceptable lamb flavour. These require further investigation 
into how they might be exploited. 
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THE EFFECTS OF SOURCES OF OMEGA-3 PUFA ON FATTY ACID 
COMPOSITION AND MEAT QUALITY IN LAMB 
9.4. Introduction 
There is evidence that feeding lipid supplements to ruminants has effects on the fatty acid 
composition of the meat. This could improve its healthiness. This experiment has 
investigated the effect of feeding different sources of long chain polyunsaturated fatty 
acids on fatty acid composition and meat quality aspects of sheepmeat. 24 male lambs of 
the Suffolk x L1eyn, Friesland x L1eyn and Soay breeds were allocated to the four feeds 
which were control, whole linseed, fish oil and a mixture of linseed and fish oil. 
The research aimed to provide a rational basis for raising polyunsaturated fatty acids 
(PUFA), lowering polyunsaturated to saturated fatty acids (P:S) ratio in the meat, whilst 
keeping the n-6:n-3 ratio and total fat beneficially low by optimal combinations of 
genetics and diet. The aim was to simultaneously improve both the health and meat 
quality aspects of sheepmeat, and study the implications of changed meat PUFA levels 
for oxidative stability. 
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9.5. Materials and methods 
9.5.1. Experimental animals and treatments 
The experimental plan, shown in Figure 9.15., was designed to investigate the effects of 
breed (Suffolk x LJeyn, Friesland x LJeyn, Soay) and diet (Megalac, Linseed, Fish oil 
and Linseed+Fish oil mix) on fatty acid composition and meat quality attributes using a 
to1al of 72 animals with 18 animals per treatment 
Figure 9.15. Flow chart showing details of the experimental design to assess the effects of 
four diets and three breeds on fatty acid composition and meat quality 
72 animals Suffolk x LJeyn 
Pure Soay 
Friesland x LJeyn 
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72 entire ram lambs, that had been raised at Harper Adams University College from three 
different genotypes Suffolk x Ueyn, Friesland x Ueyn and pure Soay with an average 
live weight of 24.4, 25.5 and 12.3 kg respectively, were blocked and allocated to four 
treatment diets on live weight basis in a randomised block experimental design (Figure 
9.15.). Daily feed intakes and weekly live weights were recorded. Animals were 
slaughtered when they achieved half their potential mature breed weight (average live 
weight 43.5 kg for Suffolk/Friesland and 21.0 kg for Soay). 
The lamb genotypes were selected for these reasons: Suffolk have a high lean tissue 
growth rate, Friesland crosses, noted for prolificacy, have a low ratio of carcass fat to 
abdominal fat and pure Soays are a notably lean breed (McLelland et al., 1976). 
9.5.1.2. Experimental design 
The experiment was laid out as a 3x4 factorial randomised block design with 8 replicates 
of 9 lambs each comprising 3 breeds (Suffolk, Friesland, Soay) x 4 different diets. 
The four diets were: 
1. Control (Megalac) 
2. Whole Linseed 
3. Fish oil 
4. Whole Linseed+Fish oil 
consisting of 6 ram lambs in each. 
9.5.1.3. Diets 
The rationale for the dietary ingredients was the same as in Experiment I (the first beef 
trial) and is explained under section 8.2.1. 
The formulation and chemical composition of the four experimental concentrates is 
shown in Tables 9.6. and 9.7. Four experimental diets (Table 9.6.) manufactured by 
Trident Feeds, formulated to contain about 6Og/kg fat on a DM basis, were based on dry 
grass and contained 2000 IU/kg vitamin E. 
The fats were: 1, Control. Megalac, a saturated calciwn soap of palm oil. 2, whole 
linseed as a source of a-linolenic acid, 3, Fish oil containing eicosapentanoic acid (EPA) 
and docosahexaenoic acid (DHA) and 4, linseed+ fish oil for a combination of a-
linolenic acid, EPA and DHA (50:50). Diets were formulated to be isonitrogenous and 
hence approximately isoenergetic and were fed ad libitum. All animals had an initial 3 
week adaptation period to the diets before commencing the experiment. 
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Table 9.6. Fonnulation of the experimental diets (g/kg). 
Control Linseed Fish oil Linseed+Fish oil 
Ingredients g/kg 
Dried grass 758 735 769 753 
Sugarbeet pulp (molassed) 105 105 105 105 
Megalac 44 
Fish oil 36 18 
Linseed 105 52 
Soyabean meal 58 20 55 38 
Molasses 25 25 25 25 
Minerals & Vitamin premix 20 20 20 20 
Ammonium chloride 5 5 5 5 
Salt 5 5 5 5 
Table 9.7. Chemical composition of the experimental diets 
Control Linseed Fish oil Linseed+Fish oil 
Chemical composition g/kgDM 
Dry matter 893 897 901 896 
Organic matter 878 889 885 887 
Crude protein 134 138 135 136 
Neutral detergent fibre 459 460 471 462 
Total fat 59.5 52.9 66.9 63.0 
GE(M1)/kg~ 20.47 21.08 20.93 21.07 
Vitamin E IV/kg 183.1 212.3 181.5 196.2 
The analysis of fatty acids was perfonned on feeding samples following the method 
described by Whittington et al. (1986) as described under section 7.7.3. 
The fatty acid composition for the four experimental diets is shown in Table 9.8. As 
shown in Table 9.8., Megalac had higher concentrations of C16:0 and C18: In-9 acids. 
The linseed diets were rich in C l8:3n-3 whilst the fish oil containing diets were high in 
C20:5n-3 and C22:6n-3. 
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Table 9.S. Fatt~ acid comEosition of the eXEerimental diets (means for 4 treatments). 
Concentrates (s!ks. DM) 
Control Linseed Fish oil Linseed+Fish oil 
C12:0 lauric 0.5 0.2 0.2 0.2 
C14:0 myristic 0.7 0.4 3.5 2.0 
C16:0 palmitic 22.0 5.5 11.7 8.4 
CI6:ln-7 palmitoleic 0.2 0.5 3.3 1.8 
C18:0 stearic 2.4 1.9 1.9 1.8 
Cl8:1trans 0.1 0.1 
C18: In-9 oleic 13.3 7.1 7.3 7.8 
CI8:ln-7 vaccenic 0.5 0.5 1.3 0.8 
CI8:2n-6Iinoleic 11.4 8.9 10.4 10.6 
CI8:3n-3 linolenic 6.6 25.5 8.4 19.5 
C20:5n-3 eicosapentaenoic 0.2 0.6 5.7 3.0 
C22:6n-3 docosahexaenoic 3.3 1.6 
Unidentified fatty acids 1.4 1.3 7.9 5.9 
Total fatt~ acid (glkS DM) 59.5 52.9 66.9 63.0 
* -= not detected 
9.5.2. Slaughter, carcass quality and meat quality assessments 
All procedures during slaughter, processing and sampling and measurements of carcass 
quality and meat quality were described in section 9.2.2. 
Temperature recorded in the deep leg and m.longissimus dorsi was approximately 12°C 
at 10 hours post-slaughter indicating that muscle fibres would not be cold shortened. 
Mean ultimate pH was 5.69 indicating none of the animals produced dark cutting meat. 
9.5.3. Statistical analysis 
Differences between treatments and breeds were analysed by a two factor Analysis of 
Variance test (Genstat 5, Lawes Agricultural Trust, 1990), investigating the influence of 
breed, diet and their interaction. The sensory results were analysed using a two way 
analysis of variance, with treatment and assessors as factors. 
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9.6. Results and discussion 
9.6.1. Growth performance and feed intake 
The petfonnance data and growth rates of the lambs are shown in Table 9.9. The animals 
fed fish oil containing diets had a lower food intake and live weight gain than the control 
and linseed alone diets and animals fed linseed plus fish oil diet consumed more food than 
animals fed the fish oil alone diet. Hence, the growth rate was lower in the lambs fed fish 
oil than the control and linseed containing diets. This again was largely explained by food 
intake as shown in Table 9.9. 
As previously discussed in the beef studies one of the negative effects of PUFA on rumen 
metabolism is their toxic effect on microbes and this is probably the main factor limiting 
the amount and composition of fat that can be added to ruminant diets. 
However, despite these deleterious effects of fish oil, the diets had no significant effect on 
feed conversion ratio. 
The Suffolk lambs had the highest daily food intake, which suggests that voluntary feed 
intake (appetite) is different between the breeds, and daily weight gains so Suffolks grew 
faster than Frieslands which grew faster than Soays (326, 260 and 132 g/day, Suffolk, 
Friesland and Soay, respectively). Also, Suffolks had the lowest feed conversion ratio. 
9.6.2. Biohydrogenation 
Effects of biohydrogenation of the fat sources in the rumen and their subsequent flow into 
the intestine are given in Table 9.10. Between 80 and 90% of C18:2 and C18:3 were 
hydrogenated in the rumen and not recovered in the duodenum while a much smaller 
proportion of C20:5 and C22:6 were hydrogenated in the rumen indicating significant 
flow of these PUFA to the duodenum. 
Biohydrogenation of the fat sources in the rumen were higher in the beef studies than the 
lamb study. 
Fatty acid flow to the duodenum was 103% of fatty acid intake (per kg DM intake) as 
expected. The efficiency of rumen microbial activity expressed as g nitrogen per kg or 
organic matter digested was reduced below control levels in the 3 diets with high PUFA 
levels. 
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Table 9.9. The effects of dietary fat and breed on animal perfonnance and growth rate of lambs 
Control Linseed Fish oil Linseed+Fish oil Diet Breed DxB 
Animal performance Suffolk Soay Friesland Suffolk Soay Friesland Suffolk Soay Friesland Suffolk Soay Friesland sed sig Slg sig 
Intake g DMlkg 152.7 112.6 131.6 140.7 101.3 134.1 96.3 81.9 104.0 127.1 97.3 106.9 3.73 *** *** * 
Mean Food intake tt 132.3C 125.3C 94.1a 110.4b 4.30 *** 
Mean Food intake * Suffolk Soay Friesland 3.73 *** 
129.2b 98.3a 129.2b 
DLWG g per kg 25.3 18.9 18.1 25.2 15.2 21.4 18.1 13.0 16.2 24.0 16.5 18.2 1.17 *** *** ns 
Mean DLWGtt 20.8b 20.6b 15.8a 19.6b 1.35 ** 
MeanDLWG* Suffolk Soay Friesland 1.17 *** 
23.1C 15.9a 18.5b 
FCR kgfeedlkg gain 6.13 6.36 8.59 5.64 7.22 6.44 5.40 6.48 6.65 5.34 5.97 6.00 0.513 ns * ns 
MeanFCR* Suffolk Soay Friesland 0.51 * 
5.6a 6.5ab 6.9b 
Growth rate 360 160 254 355 124 306 252 106 226 337 136 257 
Means with different superscripts in the same row are significantly different (P<O.05) 
ns P>O.05, *P<O.05, **P<O.01 and ***P<O.OOl; nMeans of diets, *Means of breeds 
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Table 9. 10. Biohydrogenation, flow of fatty acids to duodenum and efficiency of 
microbial action. 
Control Linseed Fish oil Linseed+Fish oil 
Biohydrogenation (%) 
CI8:2n-6Iinoleic 80.7 89.3 79.8 87.1 
CI8:3n-3 a-linolenic 81.6 91.5 82.2 90.1 
C20:5n-3 eicosapentaenoic 60.1 56.4 
C22:6n-3 docosahexaenoic 60.2 
Fatty acid intake (glkg DM) 47.8 48.0 47.6 47.2 
Fatty acid flow to duodenum(gikg DM) 48.7 44.9 44.7 41.5 
Microbial efficiency(gNlkgOMADR*) 47.6 34.6 29.7 24.2 
* g microbial N per kg organic matter apparently digested in the rumen. 
9.6.3. CarcllSs data 
Carcass data are shown in Table 9.11. All these attributes, except fatness scores were 
not significantly effected by diet but, there were significant breed effects as shown in 
Table 9.11. Most of these breed effects were due to Soay Jambs, having light carcasses, 
low subcutaneous fat, low intennuscular fat and a high proportion of lean as also shown 
by other authors (McClelland et al., 1976, Thonney et al., 1987). The carcass weights 
of Suffolks and Frieslands were within the average range of lamb carcass weights (16-
19.9 kg) at slaughter in the UK but the Soays were about half this, reflecting their 
smaller mature weight 
The carcass conformation score was significantly highest in Suffolks and lowest in 
Soays. The mean carcass confonnation scores of Suffolks and Frieslands were similar 
(R). Although Suffolks fed fish oil containing diets tended to have higher confonnation 
scores than the control and linseed alone diets as also found in beef studies, the 
difference was not significant 
Only carcass fatness scores were significantly effected by diet as well as breed, 
(Suffolks, 8.50, 8.50, 10.60, 9.50, Soays, 3.33, 3.33, 2.83, 2.83, Friesland, 8. 17, 
6.50, 9.50, 8.83, for control, linseed, fish oil and Iinseed+fish oil mix diets 
respectively), Soays having lower scores. Suffolks fed the fish oil containing diets had 
the highest fatness scores while Soays fed fish oil containing diets had the lowest scores. 
Other studies have suggested that fish oil diets result in a greater partitioning of energy 
towards fat deposition rather than protein accretion (McClelland et al., 1976), in 
contrast, Rule et aI. (1994) reported that high fat diets did not necessarily increase 
carcass fatness. 
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Table 9.11. The effect of breed and diet on carcass parameters. 
Hot Carcass Weight (kg) Suffolk Soay Friesland 
Means 19.95b 9.65a 19.96b 
s.e.d 0.31 0.31 0.31 
sig *** *** *** 
Cold Carcass Weight (kg) 
Means 19.33b 9.33a 19.18b 
s.e.d 0.30 0.30 0.30 
sig *** *** *** 
Fore limb Weight (g) 
Means 1183.90b 552.65a 1163.48b 
s.e.d 18.38 18.38 18.38 
sig *** *** *** 
Lean (%) 
Means 56.08a 58.93b 57.83b 
s.e.d 0.76 0.76 0.76 
sig ** ** ** 
Subcutaneous fat (%) 
Means 8.00b 6. lOa 7.55b 
s.e.d 0.62 0.62 0.62 
sig ** ** ** 
Intermuscular fat (%) 
Means 11.48b 1O.OSa 10.30a 
s.e.d 0.58 0.58 0.58 
sig * * * 
MLC Conformation Scores 
Means 8.82c 3.SSa 7.46b 
s.e.d 0.34 0.34 0.34 
sig *** *** *** 
Fatness Scores 
Means 9.2Sc 3.08a 8.25b 
s.e.d 0.28 0.28 0.28 
sig *** *** *** 
Fatness Scores Control Linseed Fish oil Linseed+fish oil 
Means 6.66ab 6.11a 7.64c 7.05b 
s.e.d 0.28 0.28 0.28 0.28 
sig * * * * 
Means with different superscripts are significantly different (P<0.05) 
ns 1»0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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9.6.4. Shelf-life and meat quality studies 
9.6.4.1. Muscle fatty acid composition 
The content of fatty acids in the total lipid of m.semimembranosus is given in Tables 
9.12. and 9.13. There was no significant differences between treatments or breeds in 
total muscle fatty acid content which ranged from 2.1 to 3.3% of tissue weight. 
Diet effect on fatty acid composition in m.semimembranosus muscle 
The animals fed the control diet (Megalac) which is a calcium soap high in CI6:0, and 
fish oil which also contains more C 16:0 (Enser, 1991), contained significantly higher 
proportions of C 16:0 of the total fatty acids (P<O.OO 1) than lambs fed linseed diet (Table 
9.13.). Mandell et al. (1997) reported a similar response after feeding fish meal. 
The animals fed the control and linseed diets contained the highest C18:0 concentrations 
and more C18:ln-9 on a percentage of total fatty acids basis (P<O.OOI) than the fish oil 
containing diets (Table 9.13.). 
The animals fed the control diet had the highest level of CI8:2n-6, whilst animals fed 
linseed alone had higher levels than those fed fish oil (Table 9.12.). This may be because 
an increase in longer chain n-3 PUFA in muscle phospholipid causes a reduction of n-6 
PUFA and n-9 monounsaturated fatty acids as pointed by Ashes et al. (1992). 
However, the concentrations of C 18: 1 trans was significantly higher in lambs fed all diets 
with added PUF A sources, due to a high level of incomplete biohydrogenation of C 18 
unsaturated fatty acids, compared to lambs fed the control diet, fish oil having the highest 
concentrations (Table 9.12.). Similar observations were found in the beef studies 
(Chapter 7) and in milk from dairy cattle fed fish oil containing diets (Mansbridge and 
Blake, 1997). 
Supplementation with bruised dietary linseed doubled the quantity of a-linolenic acid 
(CI8:3n-3) (P<O.OOI) and other more desaturated and elongated n-3 fatty acids such as 
C20:5n-3 and C22:5n-3 in muscle total lipid (Table 9.12. and Figure 9.16.) from all three 
breeds, the control (basal) level being higher in Soay. These results were similar to those 
in the beef study. 
Therefore, supplementation with whole linseed enhanced the concentrations of CI8:3n-3 
as well as those of C20:5n-3, C22:5n-3 and C22:6n-3. However, the effect of the linseed 
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Table 9.12. Fatty acid composition of total lipid in m.semimembranosus muscle from different lamb breeds fed diets containing 
different fat sources (12 animals per group) 
mg per700g muscle 
Control Linseed Fish oil Linseed+Fish oil Diet Breed DxB 
Fatty acids Suffolk Soay Friesland Suffolk Soay Friesland Suffolk Soay Friesland Suffolk Soay Friesland sed sig sig sig 
C12:0 lauric 6.8 4.1 6.3 7.1 3.4 4.9 7.4 3.8 5.6 5.1 5.1 5.1 1.50 ns ** ns 
C14:0 myristic 76.0 61.3 74.0 70.3 54.7 57.0 92.4 64.4 76.1 68.1 81.6 61.1 16.13 ns ns ns 
C16:0 palmitic 675 586 656 553 465 484 769 563 687 596 672 516 115.4 ns ns ns 
CI6:1n-7 palmitoleic 49.8 51.3 54.6 45.2 39.8 44.0 83.4 55.7 72.7 48.8 67.0 45.5 11.87 ** ns ns 
C18:0 stearic 386 317 365 396 295 289 407 240 319 334 305 250 68.3 ns * ns 
Cl8:ltrans 97.2 90.7 103.5 167.8 113.1 166.7 266.1 160.0 173.6 226.6 235.2 153.5 42.89 *** ns ns 
CI8:1n-9 oleic 953 745 930 843 648 734 812 541 763 736 744 639 141.8 ns ns ns 
CI8:1n-7 vaccenic 31.9 28.0 35.6 27.8 23.8 28.9 68.6 42.8 52.8 38.5 41.2 33.0 7.36 *** ns ns 
CI8:2n-61inoleic 143.3 182.8 127.7 114.9 127.4 122.6 106.3 98.4 104.6 101.3 114.9 97.8 13.27 *** * * 
CI8:3n-3 linolenic 42.8 51.4 35.2 90.0 87.2 79.8 42.5 40.7 33.5 63.0 57.2 47.8 9.34 *** * ns 
C20:3n-6 3.8 5.2 4.3 2.6 3.9 3.6 6.6 6.5 6.4 3.1 4.9 3.7 0.67 *** ** ns 
C20:4n-6arachidonic 35.1 44.2 38.5 25.6 35.7 33.7 22.7 30.8 26.6 24.5 32.5 29.1 3.95 *** *** ns 
C20:4n-3 1.4 2.0 3.8 6.4 3.3 4.1 47.1 39.6 40.5 12.6 19.3 13.3 4.86 *** ns ns 
C20:5n-3 (EPA) 18.2 25.2 19.7 30.9 34.6 35.5 86.3 80.3 87.5 48.8 56.4 50.2 8.45 *** ns ns 
C22:4n-6 1.7 1.5 2.2 0.8 1.4 1.0 1.1 1.7 1.2 1.0 1.4 1.7 0.39 * ns ns 
C22:4n-3 0.8 2.5 4.2 3.1 1.6 3.2 14.8 14.9 8.6 8.3 9.9 7.1 1.85 *** ns ** 
C22:5n-3 (DPA) 19.8 23.2 19.3 23.7 22.9 23.0 45.9 36.5 42.5 29.6 34.1 26.6 4.09 *** ns ns 
C22:6n-3 (DHA) 6.6 11.6 7.3 11.1 12.4 15.4 34.2 21.7 24.7 20.4 19.8 17.3 2.61 *** ns *** 
Unidentified fatty acids 166 144 180 269 194 245 339 230 252 277 310 226 55.1 ** ns ns 
Total fatty acids 2728 2406 2681 2700 2190 2391 3267 2298 2797 2657 2834 2241 459.5 ns ns ns 
ns P>O.05, *P<O.05, **P<O.OI and ***P<O.OOI 
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Table 9.13. Fatty acid composition of total lipid in m.semimembranosus muscle from different Iamb breeds fed diets containing 
different fat sources (12 animals per gr~up) 
% by weigh(oftotal fatty acids 
Control Linseed Fish oil Linseed+Fish oil Diet Breed DxB 




0.24 0.17 0.23 0.26 0.15 0.20 0.23 0.17 0.20 0.18 0.19 0.23 0.045 ns * ns 
2.74 2.51 2.71 2.58 2.49 2.29 2.82 2.81 2.67 2.50 2.93 2.65 0.319 ns ns ns 
24.65 24.31 24.17 20.45 21.20 20.28 23.59 24.43 24.27 22.33 23.75 22.59 0.712 *** ns ns 
CI6:1n-7palmitoleic 1.80 2.10 2.04 1.67 1.82 1.83 2.50 2.40 2.59 1.82 2.34 2.07 0.149 *** ** ns 
C18:0 stearic 14.17 13.26 13.08 14.66 13.41 12.00 12.39 10.46 11.03 12.52 10.77 10.99 0.772 *** *** ns 
Cl8:1trans 3.47 3.74 3.58 6.24 5.15 6.48 7.87 7.00 6.18 8.56 8.23 6.62 0.790 *** ns ns 
CI8:1n-9 oleic 35.05 30.81 34.78 31.07 29.59 31.01 24.31 23.42 26.97 27.64 26.28 28.70 1.449 *** *** ns 
CI8:1n-7 vaccenic 
CI8:2n-6Iinoleic 
1.20 1.16 1.48 1.05 1.09 1.27 2.07 1.87 1.99 1.47 1.44 1.55 0.184 *** 
5.33 7.75 
CI8:3n-3 linolenic 1.59 2.16 
C20:3n-6 0.14 0.22 
C20:4n-6 arachidonic 1.32 1.88 
C20:4n-3 0.05 0.08 

























































1.07 0.93 1.23 
1.53 0.48 0.65 
3.30 1.88 1.97 
0.06 0.03 0.05 
0.33 0.32 0.33 













0.09 0.023 ns 
0.33 0.055 *** 














C22:6n-3 (DHA) 0.25 0.49 0.30 0.42 0.57 0.67 1.14 0.97 0.97 0.79 0.70 0.85 0.126 *** ns ns 
Unidentified fatty acids 5.99 5.91 6.65 9.93 8.86 9.81 10.07 9.91 8.98 10.42 10.81 9.75 0.760 *** ns ns 
Total fatty acids 94.47 94.61 93.89 90.85 91.94 90.99 90.70 90.96 91.75 90.40 90.08 91.02 0.725 *** ns ns 
ns P>0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
199 
Figure 9.16. Mean fatty acid content of selected PUFA in the m.semimembranosus of lambs fed different dietary fat sources 
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was not large and suggests that the intact seed coat had little effect in protecting C18:3n-3 
from ruminal biohydrogenation as reported in the previous beef trial. By contrast 
Ackerson and Johnson (1 CJ75) reported that feeding fonnaldehyde protected oil seeds 
increased intramuscular concentrations of CI8:2n-6 from 1% to 14% by weight of total 
fatty acids in lambs which demonstrates the extent to which the fatty acid composition of 
lamb muscle is amenable to manipulation. 
The fish oil raised the concentration of C20:5n-3 (eicosapentaenoic) by 3 to 4 times and 
C22:6n-3 (docosahexaaenoic acid) by 2 to 5 times in all breeds compared to the control 
(P<O.OOI), the basal (control) levels again being higher in Soay (Table 9.12.). This 
suggests an efficient conservation of dietary n-3 fatty acids in sheep as well as efficient 
incorporation into muscle lipids, in accordance with the study by Reid and Husbands 
(1985). 
The concentrations of C20:3n-6 and C20:4n-6 were reduced on the unsaturated 
treatments, particularly so on the fish oil containing treatments as also seen in beef study 
(Table 9.12.). In contrast, fish oil supplementation in the work by Ashes et at. (1992) 
did not affect C20:4n-6. 
The combined linseed plus fish oil mix treatment raised CI8:3n-3, C20:5n-3 and C22:6n-
3 to high a level compared with the control. Trends towards lower proportions of 
C18:2n-6, in the linseed plus fish oil mix treatment is shown in Tables 9.12., 9.13. and 
Figure 9.16. 
These results compared with the beef studies indicate greater increments for PUFA 
uptake, particularly EPA and DHA between control and high PUPA diets in sheep 
possibly associated with a decline in rumen efficiency when dietary PUFA levels were 
increased. As a result, the uptake of C20 and C22 PUFA from the test diets was higher 
in lamb than in beef (Figure 9.16.). 
Breed effect on fatty acid composition in m.semimembranosus muscle 
The effects of breed are shown in Tables 9.12., 9.13. and Figure 9.17. In all three 
breeds there were similar responses to the 4 diets i.e. C18:3n-3 concentration increased 
on the linseed diet and C20:5n-3 and C22:6n-3 increased on the fish oil diet. On the 
control diet Soay lambs tended to have more unsatmated lipid i.e. CI8:2n-6, CI8:3n-3, 
C20:4n-6, C20:5n-3, C22:5n-3 and C22:6n-3 compared to Suffolks and Frieslands on a 
similar diet thus confirming the results in the first part of this experiment (survey trial). 
Since total intramuscular lipid was not different between the three breeds, this suggests a 
more efficient conservation, uptake and incorporation of PUFA by the Soay breed. 
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However when the experimental diets were fed, all breeds produced similar results 
summarised in Figure 9.17., Suffolk lambs having the largest increase in deposition of 
C20:5n-3 and C22:6n-3 when fed the fish oil diet. As also reported by St. John et al. 
(1991) these differences may be partly explained by breeds with a higher propensity to 
gain weight as fat exhibiting greater rates of fatty acid desaturation and elongation. The 
other explanation could be that Suffolks and Frieslands have a higher essential fatty acid 
requirement than Soays. But in the absence of knowledge of factors regulating the fatty 
acid composition, there is no readily available explanation of these observed differences. 
As shown in Tables 9.12. and 9.13., Suffolk lambs had higher concentrations of C18:0 
than either the Friesland or Soay lambs (Table 9.12. and 9.13.) while Friesland lambs 
contained a higher proportion of C18: In-9 in the total fatty acids than the other two 
breeds, Soays having the smallest proportion although this difference was not apparent on 
a weight basis (Table 9.12.). 
All the three breeds contained similar levels of C 18: 1 trans, which was on average 
16g1I00g muscle or 6.1 % of the total fatty acids. 
Diet and breed effect on fatty acid composition of m.longissimus dorsi 
The content of fatty acids in the total lipid of m.longissimus dorsi is given in Tables 9. 14. 
and 9.15. There was no significant differences between treatments or breeds in total 
muscle fatty acid content which ranged from 2.8 to 3.7% of tissue weight. 
The main effects of diet on fatty acid composition of m.longissimus dorsi are shown in 
Figure 9.1S. In fact, the effects on m.longissimus dorsi were very similar to the 
observed effects on m.semimembranosus muscle. For example, the animals fed the 
linseed diet had double the level of CI8:3n-3 and fed the fish oil diet contained more than 
double the level of C20:5n-3, C22:5n-3 and C22:6n-3 compared to control. Likewise, 
Suffolk and Soay lambs contained a higher concentration of CI8:3n-3 than the Friesland. 
The animals fed the control diet had the highest level of CIS:2n-6 and CIS: In-9 whilst 
animals fed linseed alone had higher levels than those fed fish oil. Soay lambs had 
higher concentrations of all major n-6 PDF A than the Suffolk and Friesland while the 
concentration of C IS: I n-9 was similar across the breeds. 
However, the concentrations of CI8: I trans was significantly higher in lambs fed all diets 
with added PUFA sources compared to lambs fed control but similar in all three breeds. 
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Figure 9.18. Mean fatty acid content of selected PUFA in the m.longissimlls dorsi of lambs fed different dietary fat sources 
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Table 9.14. Effect of diet~ fat on fatt,r acid comEosition of m.lon8..issimus dorsi and m.semimembranosu~m~scle ip. sheep 
m~per lOOg muscle 
Control Linseed Fish oil Linseed+Fish oil Fat Muscle Fatx 
muscle 
Fatty acids LD SM LD SM LD SM LD SM sed sig sig sig 
C12:0 lauric 6.1 5.7 4.7 5.1 5.6 5.5 5.6 5.1 0.833 ns ns ns 
C14:0 myristic 84.8 70.3 73.4 60.6 92.7 77.0 84.6 70.2 9.47 ns ** ns 
C 16:0 palmitic 828 639 660 500 869 669 787 594 70.9 ** *** ns 
C16: In-7palmitoleic 61.6 51.9 51.3 43.0 82.4 69.9 66.7 53.8 6.59 *** *** ns 
C18:0 stearic 473 355 434 326 417 320 3.96 296 41.8 ns *** ns 
C18: 1 trans 129.0 96.8 200.8 148.9 241.8 197.1 282.1 204.8 24.63 *** *** ns 
C18: In-901eic 1097 875 938 741 897 703 891 705 84.5 ** *** ns 
C18: In-7 vaccenic 37.0 31.8 31.8 26.8 66.2 54.1 49.4 37.5 4.40 *** *** ns 
C 18:2n-6linoleic 152.6 151.3 117.4 121.7 109.2 102.8 110.1 104.7 7.31 *** ns ns 
CI8:3n-3 linolenic 46.6 43.1 93.3 85.6 45.2 38.9 62.8 55.9 5.56 *** * ns 
C20:3n-6 3.8 4.4 2.8 3.4 6.0 6.4 3.6 3.9 0.38 *** * ns 
C20:4n-6arachidonic 33.5 39.3 24.8 31.7 25.0 26.8 26.0 28.8 2.16 *** *** ns 
C20:4n-3 16.4 2.4 4.7 4.6 45.8 42.1 17.7 15.1 3.78 *** ** * 
C20:5n-3 (EPA) 20.9 21.0 30.0 33.7 77.4 84.5 51.9 51.9 5.28 *** ns ns 
C22:4n-6 1.9 1.8 1.4 1.3 1.8 1.9 1.0 1.4 0.22 *** ns ns 
C22:Sn-3 (DPA) 19.9 20.8 22.0 23.2 44.0 41.4 33.1 30.1 2.68 *** ns ns 
C22:6n-3 (DHA) 8.4 8.S 11.7 13.0 26.2 26.5 19.8 19.2 1.77 *** ns ns 
Unidentified 198.3 163.1 303.0 236.9 368.2 283.7 353.7 278.1 31.73 *** *** fatty acids ns 
Total fatt~ acids 3233 2602 3027 2424 3446 2769 3266 2574 265.9 ns *** ns 
ns 1»0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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Table 9.15. Effect of dietary fat on fatt~ acid comEosition of m.lons..issimus dorsi and m.semimembranosus_ muscle in sheep 
% by weigh! of total fatty acids 
Control Linseed Fish oil Linseed+Fish oil Fat Muscle Fatx 
muscle 
Fatty acids LD 8M LD 8M LD 8M LD 8M sed si~ si~ Sl~ 
C12:0 lauric 0.18 0.21 0.15 0.20 0.16 0.20 0.17 0.20 0.237 ns ** ns 
C 14:0 myristic 2.56 2.65 2.40 2.45 2.65 2.76 2.57 2.69 0.174 ns ns ns 
C 16:0 palmitic 25.40 24.38 21.78 20.65 24.98 24.11 23.85 22.89 0.457 *** *** ns 
CI6:1n-7 palmitoleic 1.90 1.98 1.70 1.78 2.38 2.49 2.02 2.08 0.090 *** ns ns 
C18:0 stearic 14.50 13.19 14.24 13.34 11.93 11.28 12.14 11.41 0.509 *** *** ns 
Cl8:1trans 3.83 3.59 6.61 5.95 7.01 6.99 8.59 7.80 0.488 *** ns ns 
C 18: 1 n-901eic 34.09 33.54 30.86 30.55 25.93 24.96 27.41 27.53 0.933 *** ns ns 
CI8:1n-7 vaccenic 1.22 1.28 1.07 1.14 1.94 1.97 1.51 1.49 0.116 *** ns ns 
C 18:2n-61inoleic 4.87 6.08 3.98 5.24 3.36 4.02 3.48 4.23 0.363 *** *** ns 
CI8:3n-3 linolenic 1.44 1.68 3.09 3.56 1.37 1.49 1.99 2.21 0.158 *** *** ns 
C20:3n-6 0.13 0.18 0.10 0.15 0.18 0.25 0.11 0.16 0.017 *** *** ns 
C20:4n-6arachidonic 1.13 1.65 0.86 1.41 0.80 1.08 0.85 1.22 0.159 *** *** ns 
C20:4n-3 0.54 0.10 0.16 0.20 1.35 1.60 0.52 0.58 0.113 *** ns *** 
C20:5n-3 (EPA) 0.68 0.85 1.03 1.43 2.32 3.28 1.61 2.08 0.194 *** *** * 
C22:4n-6 0.07 0.08 0.06 0.06 0.07 0.08 0.03 0.06 0.013 ** ns ns 
C22:5n-3 (DPA) 0.65 0.84 0.75 098 1.29 1.55 1.03 1.21 0.075 *** *** ns 
C22:6n-3 (DHA) 0.27 0.35 0.40 0.55 0.78 1.02 0.63 0.78 0.068 *** *** ns 
Unidentified fatty acids 6.06 6.20 10.00 9.59 10.71 10.12 10.74 10.62 0.458 *** ns ns 
Total fatty acids 94.41 94.31 90.82 91.20 90.10 90.71 90.11 90.23 0.430 *** ns ns 
ns P>O.os, *p<o.os, **P<O.Ol and ***P<O.OOI 
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A comparison of the fatty acid composition of m.semimembranosus with 
m.iongissimus dorsi 
The content and composition of fatty acids in the total lipid of m.longissimus dorsi and 
m.semimembranosus is given in Tables 9.14. and 9.15. 
The total muscle fatty acid contents were significantly different (P<O.OOI) i.e. 3.2 and 
2.6% of tissue weight for the m.longissimus dorsi and m.semimembranosus muscles, 
respectively. The muscle with the smaller lipid content would be expected to have higher 
percentages of PDF A if the phospholipids are of constant weight. The % of most PUF A 
was indeed highest in the m.semimembranosus but inspection of the results shows that 
there was a true muscle difference due to the m.semimembranosus being a 'redder' 
muscle than the m.longissimus dorsi. For example, C18:2 was the same weight in both 
muscles despite there being less total lipid in the m.semimembranosus. This is probably 
explained by redder muscles having a higher concentration of phospholipids and therefore 
of PUF A (Turkki and Campbell, 1967). In addition, the m.longissimus dorsi had higher 
percentages of the major saturated fatty acids (i.e. C16:0 and CI8:0), monounsaturated 
fatty acids (i.e. CI8:1n-9) and C18:1trans than the m.semimembranosus. 
Nutritional indices 
The fat content of muscle and the P:S and n-6:n-3 ratios important for human health are 
shown in Table 9.16. 
Diet effects on nutritional indices 
Diet had no effect on the concentrations of total saturated fatty acids (SF A). However, the 
animals fed the fish oil diet had significantly higher concentrations of total PUFA than 
lambs on the control diet (P<O.OOl). Animals on the linseed plus fish oil diet were similar 
to controls. 
As a result of the changes in PUFA and SFA the polyunsaturated to saturated (P:S) ratio 
was increased in lambs fed dietary linseed and fish oil diets (0.32) compared to those fed 
the control diet (0.27) (P<0.05, Table 9.16.). The lambs in general had low P:S ratios 
according to Department of Health (1994) recommendations although the ratios are higher 
than in lambs in the survey of Enser et al. (1996). However, since it is the P:S ratio in 
the diet as a whole which is significant it can be argued that people can readily offset 
deficiencies in the meat component by varying the intakes of other significant and readily 
available sources of saturated fatty acids and PUF A. 
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Total n-6 PUFA were 196, 157, 137 and 138 mg/l00g and total n-3 PUFA were 95, 160, 
233 and 172 mg/IOOg, respectively for Megalac, linseed, fish oil and linseed plus fish oil 
diets. The animals fed the control diet had higher concentrations of total n-6 fatty acids 
and lower concentrations of total n-3 fatty acids than lambs fed n-3 PUFA added diets 
(Table 9.16.) 
As a result of the changes in n-6 and n-3 PUFA the n-6:n-3 ratio was beneficially 
decreased by fish oil and linseed diets and both ratios were within the recommended ratio 
of less than 2.0. As pointed out by Gregory et al. (1990) and Enser et al. (1996), the 
advantage of a raised n-3 level can offset the low P:S ratio because ruminant meats and 
oily fish are the only significant sources of pre-formed C20 and C22 PUFA in the diet. 
The ratio of CI8:2n-6 to CI8:3n-3 fatty acids was significantly lower in lambs fed linseed 
containing diets (P<O.OO 1). Thus, the animals fed the fish oil diet had a lower C 18 :2n-6 
to CI8:3n-3 ratio than animals fed the control diet, although both ratios were above the 
recommended ratio of less than 2.0. 
Breed effects on nutritional indices 
Breed had no effect on the concentrations of total saturated fatty acids (SFA). However, 
Soays lambs had higher intramuscular total PUF A concentrations than the Friesland but 
not the Suffolks (p<0.05). Therefore, the P:S ratio was significantly different between 
the three breeds, Soays having higher concentrations than other two breeds (P<O.O 1). 
Similarly total n-6 fatty acids were higher in the Soays compare to the other two breeds 
(P<O.OO 1). The n-6 to n-3 ratio was beneficially low and similar between the three 
breeds, Suffolks having the lowest ratio. Suffolk and Soay lambs had a significantly 
lower CI8:2n-6 to CI8:3n-3 ratio than the Friesland lambs as shown in Table 9.16. 
(P<O.OI). 
Overall, on the basis of nutritional guidelines, muscle trimmed of visible fat, as in this 
study, from lambs fed linseed or fish oil diets would qualify for inclusion in a healthy 
diet. 
9.6.4.2. Flavour analysis 
In this study, the flavour volatiles in m.longissimus dorsi steaks from the Suffolks and 
Soays fed four different diets were measured to determine how changes in PUF A content 
of the lamb muscle influenced the profile of aroma volatiles and the taste of meat. 
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Table 9.16. Effect of dietary fat supplements and breed on P:S ratio and n-6:n-3 ratio in m.semimembranosus muscle from Suffolks, 
Soav and Frieslands Iambs (mg/loog) 
ontrol-- Linseed Fish oil Linseed+Fish oil --- Diet -Breed DxB 
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370 310 16.34 
Soay Friesland 
342 306 14.10 
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160 233 172 12.49 
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0.32 0.021 ns 
0.024 
0.020 
0.88 0.102 *** 
0.113 
2.16 0.205 *** 
ns P>0.05, *P<0.05, **P<O.OI and ***P<O.OOIl'lMeans of diets, *Means of breeds 
p:s 1= (CI8:2n-6 + CI8:3n-3)/(CI2:0 + C14:0 + C16:0 + CI8:0) 









Instrumental flavour volatile analysis 
Nearly 189 major volatiles, were isolated across the four treatments. Of these, 87 were 
reported for the first time in sheep meat, although they have been found in other meats 
before. 
Diet or breed affected most of the major (eighty seven) volatile compounds. The effect 
of dietary linseed on the aroma profile of different lamb breeds was very small, hence 
only a few compounds were increased in the meat from Suffolks and Soays e.g. 2,3-
diethyloxirane. Besides, (Z)-4-heptenal only increased in the meat from Suffolks. 
Presumably, both compounds were formed from the decomposition of CI8:3n-3 during 
cooking. 
In comparison, the cattle fed the linseed diet in the beef studies had twelve increased 
compounds in the aroma profile and the compounds increased in lambs were not 
reported as constituents of cooked beef aroma. 
The effect of dietary fish oil on the aroma profile in the meat of different lamb breeds 
was greater than the effect of dietary linseed with higher levels of lipid oxidation 
products found in the aroma extracts. In particular, unsaturated carbonyls, unsaturated 
hydrocarbons and alkylfurans increased up to 4-fold. Forty-two compounds were 
increased in the aroma profile from Suffolks while Soays had thirty increased 
compounds in the meat which were formed from lipid oxidation or reactions between 
lipid oxidation products and Maillard reaction intermediates, e.g., 2-ethylpyridine and 2-
ethylthiophene, as reported by Whitfield (1992). Likewise, unsaturated volatiles, which 
were presumably formed from decomposition of EPA and DHA during cooking, were 
increased more than other volatiles. 
Results for Frieslands, Suffolks and Soays fed the control and fish oil diets are shown in 
Table 9.17. More lipid derived volatiles were detected in samples from Frieslands and 
Soays fed the fish oil diet than the controls although the difference between diets was 
much less than in the beef studies. In more detail, Frieslands fed the control had the 
lower levels of aldehydes 13397, 1095.5 and 171.1 while the same breed fed fish oil 
diet having higher levels of aldehydes 14020, 1917.7 and 475.5 (saturated aldehydes, 
mono-unsaturated aldehydes and di- and tri-unsaturated aldehydes, respectively). In 
contrast, the fish oil diet did not increase the levels of aldehydes and ketones in Suffolks 
although it increased the levels of hydrocarbons and furans. 
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In comparison, some of these unsaturated volatiles, e.g., octatriene, nonadiene, 
nonatriene, 2-ethylfuran, 2-furan, increased in the aroma profile of beef from cattle fed 
fish oil diet in previous beef studies. 
Table 9.17. Lipid oxidation products found in head space of cooked m.longissimus 
dorsi from lambs fed control and fish oil diets (ngllOOg sample). 
Suffolk Soay Friesland 
Control Linseed Fish oil Mix Control Linseed Fish oil Mix Control Fish oil 
Aldehydes* 15761 7596 14198 11746 18831 15046 23966 22614 14664 16413 





1793 1103 777 
7887 4857 3015 
712 1368 1195 1644 3284 
3195 6900 5060 2211 5958 
*Total of saturated-mono-unsaturated-di- and tri-unsaturated aldehydes 
means Linseed+Fish oil mix diet 
The aroma composition of the lamb meat was also affected by breed. The effect of the 
increase in PDF A content was more pronounced in the Suffolks although qualitatively 
changes were similar. As mentioned earlier, there were great differences in the counts of 
quantitatively increased volatile compounds between two breeds fed fish oil, Suffolks 
having twelve more increased volatile compounds with regards to compounds formed 
from the Maillard reaction, especially pyrazines and Maillard derived furans were up to 
four times higher in Soays than Suffolks. 
The amount of these volatile compounds were generally similar for the control groups 
although their concentrations were lower in Suffolks fed PDF A diets whilst they did not 
alter in Soays fed PDF A diets. There is no clear explanation for the lower quantities of 
some of the compounds in the meat from Suffolks fed increased PDF A diets. More than 
thirty compounds, e.g., 8 pyrazines, 7 ketones and hydroxyketones, 6 furanoids and 4 
sulphur-containing compounds, were present at higher levels in Soays than Suffolks 
when they were fed supplements. 
Likewise, the levels of dimethyl trisulphide were 8 times higher in the Soays than in the 
Suffolks, although the other significantly greater compounds were only 2 to 4 times 
higher in the Soays while Suffolks had higher levels of 2-metbylthiophene and 2,4-
dimetbyl-3-thiazoline, which are the volatile compounds derived from Maillard reactions, 
than Soays. 
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A comparison of Suffolk and Soay sheep breeds with previous beef studies, (Charolais 
steers fed on same diets), showed that the linseed supplementation had a bigger effect in 
cattle than in sheep, whereas the effect of the fish oil was similar for both species. 
However, the difference between control and fish oil diets was much smaller in sheep 
than in the beef studies. Another difference compared with beef is that lower levels of 
thiazoles were detected in Jamb. Overall, the difference between diets was much less in 
sheep than in the beef studies. 
Sensory quality analysis 
There were some clear effects of diet on flavour descriptors (Table 9.18. and Figure 
9.19.) although for individual breeds the trends were non significant because of a breed 
effect (Table 9.19. and Figure 9.20.). 
As shown in Table 9.18. and Figure 9.19., the animals fed the fish oil diet had 
significantly higher "fishy" (P<O. 05) , "juiciness" (P<O.OOI), "metallic" (P<O.05) and 
"fatty/greasy" (P«lOO1) scores and lower "lamb flavour" (P<O.05) scores. Therefore, 
"rancid" scores were higher and "overall liking" tended to be lower although the 
differences were not significant The animals fed the linseed diet produced good scores 
as in the previous beef studies, having the highest "lamb flavour" (P<O.05) and "overall 
liking" scores. 
The linseed plus fish oil diet did not have any negative effect on flavour attributes. In 
fact, it had high scores for "lamb flavour" and "overall liking", and low "fishy" scores 
possible because the linseed suppress the fish oil negative effects. 
Soays had some unusual scores, e.g. low lamb flavour and high abnonnal flavour, 
"livery", "metallic" and "bitter" scores compared with the other two breeds (Table 9.19.), 
as in the survey trial. However, toughness was not higher here (it was in fact lower) 
suggesting that an age difference was important in the survey. Suffolks tended to have 
the best flavour and overall liking scores. 
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Table 9.18. Influence of diet and breed on the eatin~ gualitl of grilled lamb loin choEs in terms of Flavour Profile. 
Values are the means derived/rom analysis o/variance with Diet and Breed as a/actor, assessors are treated as a 'block' structure. 
Diet Breed 
Attributes Control Linseed Fish oil Linseed+Fish oil s.e.d si~ Suffolk Soa~ Friesland s.e.d si~ 
Toughness 32.7 32.9 26.4 29.0 2.763 ns 32.9b 25.7a 32.1b 2.392 * 
Juiciness 28.5a 28.5a 33.4b 32.9b 1.235 *** 32.7b 29.0a 30.7b 1.069 ** 
Lamb Flavour 19.9a 23.8b 20.7a 22.1 ab 1.494 * 24.8b 18.8a 21.3a 1.294 *** 
Abnonnal Lamb Flavour 36.1 32.3 38.7 33.9 3.084 ns 30Aa 38.7b 36.6b 2.671 * 
Fatty/Greasy 21.2a 23.6ab 28.2c 25.4b 1.226 *** 24.6ab 23.1a 26.0b 1.062 * 
Livery 17.5 15.2 15.4 16.4 1.854 ns 12.6a 23.4b 12.4a 1.606 *** 
Sweet 11.2 10.2 11.0 9.5 1.225 ns 11.4 9.6 10.3 1.061 ns 
Acidic 8.7 7.9 8.1 7.8 0.853 ns 7.5 8.8 8.1 0.739 ns 
Metallic 12.4b 11.4ab 12.5b 9.1 a 1.289 * 9.7a 13.3b 11. tab 1.117 ** 
Bitter 13.7 12.5 10.7 13.1 1.544 ns 10.2a 15.2b 12.1 a 1.337 *** 
Stale 13.3 12.2 15.1 12.1 2.047 ns 12.0 12.8 14.8 1.772 ns 
Rancid 12.5 10.8 14.8 10.8 1.715 ns 10.4 12.2 14.0 1.485 ns 
Vegetable 7.2 8.0 7.5 7.2 1.004 ns 8.3b 8.0b 6.1a 0.870 * 
Grassy 0.8 0.9 0.9 0.9 0.532 ns 1.2 0.5 0.9 0.461 ns 
Fishy 1.6a 3.oab 3.8b 2.P 0.736 * 2.6 2.0 3.3 0.637 ns 
Ammonia 3.9 4.7 4.1 3.2 0.996 ns 3.5 5.2 3.2 0.862 ns 
Soapy 11.1 7.8 8.7 8.3 1.372 ns 7.7 9.1 10.1 1.188 ns 
Overall liking 16.3 20.4 15.6 18.3 2.142 ns 19.5 15.8 17.6 1.855 ns 
Figures with the same superscript do not differ significantly 
ns P>O.05, *P<O.05, **P<O.Ol and ***P<O.OOI 
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- Fish oil 
Bitter Linseed+Fish oil 
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Table 9.19. Influence of diet on the eatin~ 9ualit~ of ~rilled Suffolk, Soax and Friesland lambs loin choEs in tenus of Flavour Profile. 
Values are the means derivedfrom analysis afvariance with Breed as a/actor, assessors are treated as a 'block' structure. 
Suffolk Soa~ Friesland 
Attributes 
elL' dF h 'ILinseed+ d' elL' dF h 'ILinseed+ d' elL' dF h 'ILinseed+ d' ontro msee IS Ol Fish oil s.e. slg ontro msee IS 01 Fish oil s.e. slg ontro msee IS 01 Fish oil s.e. slg 
Toughness 33.8a 39.4b 28.5a 29.7a 2.77 *** 25.6 27.7 22.0 27.7 2.53 ns 38.6b 31.4a 27.7a 29.4a 2.39 *** 
Juiciness 28.9a 31.9ab 35.2b 34.1b 2.11 * 27.0
a 25.6a 31.9b 31.9b 2.25 ** 29.8ab 28.2a 32.7b 32.7b 1.80 * 
Lamb Flavour 23.1 27.4 24.4 24.6 2.33 ns 17.9 18.3 20.9 17.9 2.04 ns 18.6a 25.7b 17.5a 23.6b 2.43 ** 
Abnonnal be a 
Lamb Flavour 33.1 24.5 35.1c 28.2ab 2.76 *** 37.1 41.2 38.1 39.3 be a 2.88 ns 38.5 31.2 41.5c 34.5ab 3.33 * 
Fatty IGreasy 20.1 a 24.0ab 27.2b 26.6b 2.23 ** 19.3a 21.3a 26.8b 25.5b 1.99 *** 24.3a 25.6a 30.1b 24.3a 1.96 ** 
Livery 13.9 11.8 9.4 15.0 2.74 ns 24.8 24.9 22.2 22.2 3.46 ns 14.0 9.2 14.0 12.2 2.58 ns 
Sweet 12.6 10.7 12.4 10.1 2.10 ns 10.4 8.0 10.4 9.2 1.92 ns 10.5 11.6 10.5 8.9 1.94 ns 
Acidic 6.8 7.6 8.8 6.4 1.27 ns 10.2 9.4 7.8 8.6 1.50 ns 9.1 6.5 7.7 8.5 1.32 ns 
Metallic 8.3 9.5 11.9 8.2 1.76 ns 13.7 15.3 13.8 10.8 2.11 ns 15.3b 9.5a 11.4ab 8.4a 2.09 ** 
Bitter 10.5 11.8 8.2 10.5 2.22 ns 17.0 15.9 13.3 14.9 2.64 ns 13.8 10.1 10.6 14.0 2.23 ns 
Stale 9.8a 12.2ab IS.3b II.3a 1.97 * 11.9 12.8 12.9 13.4 1.53 ns 18.2
b 11.6a 17.5b 11.6a 2.22 ** 
Rancid 9.9a 8.Sa 16.0b 7.1a 2.51 ** 11.8 12.8 11.5 13.1 2.77 ns 15.5 11.0 17.0 11.9 3.06 ns 
Vegetable 6.9a 1O.9b 6.3a 9.0ab 1.63 * 8.7 8.0 8.5 6.7 1.12 ns 6.3 5.3 7.4 5.9 1.62 ns 
Grassy 1.7 1.9 0.4 0.8 1.36 ns 0.3 0.3 1.1 0.5 0.49 ns 0.5 0.6 0.9 1.5 0.81 ns 
Fishy 1.8 3.1 2.9 2.5 1.15 ns 1.6 2.5 2.1 2.0 0.65 ns 1.4a 3.5ab 6.4b 1.7a 1.68 * 
Ammonia 1.9 4.9 3.7 3.1 1.27 ns 5.6 6.1 5.2 3.6 1.65 ns 4.3 3.1 2.7 2.8 1.41 ns 
Soapy 10.9b 5.3a 8.6ab 6.8a 1.97 * 8.3 8.5 9.2 10.7 2.12 ns 14.2 9.4 8.4 7.6 2.67 ns 
Overall liking 16.1a 23.1b 17.1a 21.6b 2.17 ** 17.4 15.3 15.8 14.7 1.44 ns IS.2ab 22.Sc 14.2a 18.3b 2.04 *** 
Figures with the same superscript do not differ significantly 
ns P>0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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9.6.4.3. Muscle lipid oxidation (TBARs) 
Results for lipid oxidation are shown in Figures 9.21. and 9.22. There was a significant 
diet effect, with steaks from animals fed the fish oil diet having higher values. There 
were few differences between the other diets although TBA values were lower, in all 
muscles, from lambs fed the lin eed diet compared with the control diets (Figures 9.21. 
and 9.22.) . 
Figure 9.21. Mean TBA values of hind leg muscles across three breed fed different 





















The m.semitendinosus mu cle was the most table as indicated by TBA resul ts, and the 
m.semimembranosus the least (Figures 9.21. and 9.22.). Generally, the steaks aged for 
10 days had slightly higher TBA values than those aged for 6 days. 
Figure 9.22.Mean TBA values of hind leg muscles acro s three breed fed differenl 
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Results averaged over breeds for lipid oxidation are shown in Figures 9.23. and 9.24. 
Basically, in the control diet fed animal , the Soay muscles were the mo t stable while the 
Frieslands were the least stable. In the supplemented diet fed animals, the Soay muscle 
were the least stable. 
Figure 9.23. Averaged TBA test value of hind leg muscles from lambs fed different 

















Linseed Fish oil ~ Linseed+Fish oil 
Soay Friesland 
Figure 9.24. A veraged TBA te t values of hind leg mu cles from lambs fed different 





























The steaks from animals fed the Linseed diet was often more stable than the control apart 
from the Soays. In each muscle and heep breed, the Fish oil produced the most unstable 
fat. In most instances, the Linseed plu Fi h oil diet produced fairly stable meat in all 
three breeds. 
9.6.4.4. Colour evaluation 
Colour brightnes (saturation) declined as display time increased in all 3 breeds. In 
Suffolks and Soays (but not in Frie land) the decline was faster in the fish oil amples as 
shown in Figure 9.25., 9.26. and 9.27., suggesting promotion of myoglobin oxidation 
by the products of fatty acid 0 idation. 
Figure 9.25. The change in aturation of SM mu cles from Suffolk lambs after 
prior ageing for 10 day and then di played for 6 days 
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Figure 9.26. The change in saturation of SM muscles from Soay lambs after 
prior ageing for 10 day and then displayed for 6 day 
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For the Soay it appear that only muscle from the Fi h oil fed animals were deteriorating 
in colour (Figure 9.26.) . The Frie land appear to differ from this. Again the Fi h oil 
induced the least stable colour, but the Linseed plu Fish oil mix also gave high rancidity 
values, but so did the control as hown in Figure 9.27. In the Frieslands the change in 
colour was mo t marked in the lin eed plu fi h oil mix diet teaks. 
Figure 9.27. The change in aturation of SM muscles from Frie land lambs after 
prior ageing for 10 day and then di played for 6 day 
--0-- Control • Fish oil 
• Linseed -<>-- Linseed+Fish oil 
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From the hue and saturation graph it i apparent that overall the Fish oil diet produced the 












9.28. The change in hue of SM muscles f:om Suffolk lambs after 
prior ageing for 10 day and then dlsplayed for 6 days 
--0-- Control • Fish oil 
• Linseed -<>-- Linseed+Fish oil 
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Hence, for the Suffolk's (using the hue graph) the colour began to go off after 4 day 
with the control beginning to go off after 5 days and the linseed containing diets 
producing muscle which still seemed to be colour stable at 6 days when measurement 
ended as shown in Figure 9.28. 
Figure 9.29. The change in saturation of OB muscles from Suffolk lambs after 
prior ageing for 10 days and then displayed for 6 days 
-0-- Control • Fish oil 
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Colour measurement results have shown that the SM is also least stable for colour as it 
was in the Survey Trial. The other two muscles (08 and ST) did not show much 
deterioration in colour over the six day display period as determined by the Minolta 
measurements and confirmed by visual observations as shown in Figures 9.29. and 9.30. 
Figure 9.30. The change in saturation of ST muscles from Suffolk lambs after 
prior ageing for 10 days and then displayed for 6 days 
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As shown in Figures 9.31. and 9.32., Soay and Suffolk had darker muscles when there 
is Fish oil in the diet. The Frieslands were different in that it appears to be the Linseed 
containing muscles which were darker when we look at lightness which is a measure of 
the "brightness" of the muscle colour. 
Figure 9.31. Lightne s values of m. emimembranosus from Suffolks, Soays and 
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Figure 9.32. Lightness values of m.gluteobiceps from Suffolks, Soays and 
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Lightnes values in the hind leg muscles, after 10 days ageing period as shown in Figures 
9.31.,9.32. and 9.33., were similar for 6 days aged with ST being lighter than the other 
as observed in the Survey trial lamb . 
Figure 9.33. Li~htne value of m. emitendinosu from Suffolks, Soays and 
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Each fat source in the lamb diets had an important effect on the fatty acid composition of 
muscle. Feeding whole linseed increased the concentration of C18:3n-3, C20:5n-3 and 
C22:5n-3 but not C22:6n-3 and fi h oil increased the concentration of C20:5n-3 and 
C22:6n-3 . However, the intact seed protection did not afford C18:3n-3 the protection it 
requires to greatly modify the fatty acid composition of sheep meat to levels expected 
when feeding fonnaldehyde protected linseed. As happened in the first beef study, fi h 
oil alone was an unsati factory upplement becau e the changes in fatty acid compo ition 
negatively affected shelf-life, as determined by lipid oxidative stability and colour, and 
flavour. However, because dietary linseed increased depo ition of EPA and DHA a fi h 
oil supplement is possibly less important for lamb than beef cattle. The fatty acid results 
suggest that dietary factors are more effective than genetic factors in determining the fatty 
acid composition of lamb mu cleo However, understanding the reasons for the greater 
deposition of n-3 PUFA in Soays on the control diet may open the way for improvements 
in lamb fatty acid composition based on both genetics and diet. 
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OVERALL CONCLUSION FROM BOTH BEEF AND LAMB STUDIES 
Dietary manipulation can produce ruminant muscle with twice as much or more n-3 
PUF A than in current animals thus helping consumers to meet dietary recommendations. 
The best dietary supplements produce meat with normal shelf-life characteristics and 
flavour. As such among the n-3 fat supplements investigated (linseed, fish oil and 
linseed+fish oil mix), linseed had the best potential to improve the nutritional quality of 
lambs and cattle. There are genetic differences between cattle and sheep breeds in content 
of PUF A and flavour characteristics. These require further investigation into how they 
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THE ACCUMULATION OF VITAMIN E AND ITS EFFECT ON MEAT 
QUALITY OF FRESH BEEF 
10.1. Introduction 
Dietary supplementation with high levels of ex-tocopherol, the most active fonn of 
vitamin E, is effective in improving beef quality, such as extending colour shelf-life, 
preventing lipid oxidation and reducing drip loss as reported by Arnold et al. (1992a). 
However, levels of ex-tocopherol vary between feedstuffs. For example, ex-tocopherol 
levels in fresh grass are higher than in grains, and silage seems to retain its tocopherol 
content better than hay (Brown, 1953, Booth, 1964). This means that the response to 
supplementation is likely to vary depending on the diet fed. Several studies have shown 
variable responses to dietary vitamin E and the fonn of the basal diet is one of the issues 
that has not been resolved (Vega et al., 1994). 
The main objective of this study was to determine the rate of uptake and clearance from 
muscle of vitamin E in beef cattle fed supplementary vitamin E in a concentrate diet along 
with silage ad libitum which is a common diet fed to beef cattle in the UK. Therewith, to 
establish a rational basis for the level and timing of vitamin E supplementation. 
Likewise, to determine the effectiveness of vitamin E supplementation on shelf-life 
(shelf-life defined in terms of myoglobin oxidation, lipid oxidation and microbiological 
status) and sensory quality during storage. 
Twenty Limousin x Friesian and twenty Belgian Blue x Friesian beef breed x dairy cross 
steers were fed silage ad libitum, barley and a protein supplement. Five control animals 
were slaughtered at the beginning of the trial having been on the standard diet for at least 
two months. All the remaining animals were then changed to the same diet but now 
containing sufficient ex-tocopherol acetate to supply each animal with 2000IU/day of 
Vitamin E and 0.025 kg fat premix. A further 4 groups of five animals were slaughtered 
after 28, 63, 105 and 154 days on the supplement. All remaining animals were returned 
to the low Vitamin E standard diet but without fat premix and further groups of 5 animals 
slaughtered at 35, 63 and 98 days following withdrawal. Animals were transported to 
Langford and shelf life and sensory studies conducted on the meat. 
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10.2. Materials and methods 
10.2.1. Experimental animals and treatments 
The experimental plan, shown in Figure 10.1, was designed to investigate the 
accumulation of dietary vitamin E whilst animals were fed supplements and then to 
follow the decline when the supplement was removed. The effects on meat quality were 
assessed. 
Figure 10. 1. Flow chart showing details of the experimental design to assess the 
accumulation of vitamin E and its effect on meat quality attributes 
40 animals 
l Belgian Blue x Friesian (20) Limousin x Friesian (20) 
Fed for days 
160 days on standard diet 28,63,105,154 days on supplement+2000IU/day Vitamin E 35,63,98 days on low Vitamin E standard diet 
Slal
hter 
Evaluation of carcass characteristics. 
pH estimation at 3h and 48h 
48 hr post slaughter m.iongissimus dorsi and psoas were removed for initial tests 
Lipid oxidation Induced TBA test 
Fatty acid composition 
Vitamin E concentrations 
Drip loss on non-aged samples 
~ 
Ageing for 15 days at l·C in vacuum pack l Drip loss on aged sampl •• 
Retail display 
After ageing, samples were displayed at 4·C to measure: 
Colour deterioration during display 
TBA-test after 4,8,11,15 days display 
Flavour Analysis after 5 days display 
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10.2.1.1. Animals 
Forty beef breed x dairy cross steers were raised at Warren Farm progeny test station 
(either with or without vitamin E supplementation), on a standard diet to a finishing live 
weight of 550 kg. All animals were weighed weekly (at approximately the same time 
each day). 
10.2.1.2. Experimental design 
There were eight treatment groups, each of 5 animals, as shown in Table 10. I . 
Table 10.1. Experimental design of the animals fed to different periods with and 
without vitamin E 
No of animals per treatment Days on standard Days on vitamin E Days on low 
Kill Date and breed diet supplementation vitamin E diet 
November 5 Belgian Blue Crosses 60 0 0 
December 5 Belgian Blue Crosses 60 28 0 
January 5 Belgian Blue Crosses 60 63 0 
February 3 Belgian Blue X 60 105 0 
2 Limousin X 
April 2 Belgian Blue X 60 154 0 
3 Limousin X 
May 5 Limousin Crosses 60 154 35 
June 5 Limousin Crosses 60 154 63 
Jul~ 5 Limousin Crosses 60 154 98 
10.2.1.3. Diets 
The animals were housed in a beef barn and given group access to hay and concentrates. 
Their daily diet was silage (20 kg) ad libitum, barley (2.1 kg) and a protein supplement 
(0.375 kg) as pellets containing vitamin and mineral supplement. Five control animals 
were slaughtered at the beginning of the trial having been on the standard diet for at least 
two months. All the remaining animals were then changed to the same diet but now 
containing sufficient a-tocopherol acetate to supply each animal with 2000IU/day of 
Vitamin E (Table 10.2.) and 0.025 kg fat premix. A further 4 groups of five animals 
were slaughtered after 28, 63, 105 and 154 days on the supplement. All remaining 
animals were returned to the low Vitamin E standard diet but without fat premix and 
further groups 5 animals were slaughtered at 35, 63 and 98 days following withdrawal. 
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18 feed samples were taken during the trial and the results in Table 10.2. are averages. 
The measurements were performed by Roche. 
Table 10.2. The amount of vitamin E (mglkg) in the diet, before and after 
withdrawal of vitamin E. 
Sample 





Amount of Vitamin E in 0.375 kg pellet 
Amount of Vitamin E in 2.5 kg mix, daily 
After withdrawal of Vitamin E 
Pellet 
Barley 
Amount of Vitamin E in 2.5 kg Mix 
*Mix= 0.375 kg pellet + 2.1 kg barley 
Vitamin E (mglkg) 






















10.2.2. Slaughter, carcass quality and meat quality assessments 
Animals were brought to Langford and slaughtered monthly in groups of 5. Animals 
were identified by Warren Farm progeny test station's ear tag numbers, slaughtered and 
dressed according to the normal slaughter procedure as described under section 7. 1. 
Carcass weight, temperature, pH, carcass conformation and fatness were measured as 
described previously (chapter 7). 
The sides were quartered by section at the last rib. The m.longissimus dorsi and psoas 
were removed from one half of the beef carcass. Three 25 rom thick steaks from psoas 
were taken, one being used for the induced TEA test (Kombrust and Mavis, 1980, 
section 7.8.2.), one for drip loss and one for vitamin E (a-tocopherol) concentrations, 
following the procedure described previously in section 7.9.1. (chapter 7). 
Likewise, three 25 mm thick steaks from the m.longissimus dorsi were taken one for 
drip loss, one for fatty acid composition and one for vitamin E concentrations analysis. 
The first drip loss measurement was evaluated at day 2 and day 4 after deboning which 






The remainder of the m.longissimus dorsi and psoas muscles were aged for 15 days at 
1°C. The m.longissimus dorsi was cut into 14 steaks (25 mm thick), four of which 
were used for TBA, five for flavour and sensory, three for colour (2 overwrapped, 1 
MAP), one for microbiology and one for drip loss. The psoas was cut into 5 steaks, 
one for TBA, three for colour (2 overwrapped, 1 MAP) and one for drip loss. 
The degree of oxidation was assessed by the TBA methodology (Tarladgis et ai., 1960, 
section 7.8.1.) after four days of simulated retail display conditions for the psoas. TBA 
measurements was also made on days eight, eleven and fifteen for the m.longissimus 
dorsi. 
One steak from each muscles was used to measure drip loss during ageing as described 
above (Section 7.10 ). 
Five steaks from the m.longissimus dorsi were overwrapped as described under section 
7.5 and displayed at 4°C for 5 days, and then frozen for sensory quality analysis 
(Section 7.11.1 and Section 7.11.2). 
Three steaks (2 overwrapped and I Modified Atmosphere packed) from each muscle 
were displayed in a chiller at 4°C for daily colour measurements upto 21 days. 
One steak from the m.longissimus dorsi was overwrapped and displayed under 
simulated retail display conditions. When the steaks appeared to be reaching the end of 
shelf life, they were unpacked and packed in vacuum again and then frozen until required 
for microbiological analysis, as described previously in section 7.12. 
10.2.3. Statistical analysis 
A simple one way Analysis of Variance (Genstat 5, Lawes Agricultural Trust, 1990) was 
used to analyse most data. Sources of variation was treatment groups. The sensory 
results were analysed using a two way analysis of variance, with treatment and assessors 
as factors. 
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10.3. Results and discussion 
10.3.1. Growth performance and Carcass data 
As expected, there was a variation between months in daily weight gain, carcass 
conformation, fatness and cold weight as shown in Table 10.3. The December group of 
animals had lower fatness scores, with an average score of 36.0 which is equivalent to 
fat class 2. The other carcasses were in fat class 3 (i.e. score SO-80). However, no 
beneficial effects of dietary vitamin E on growth performance and carcass characteristics 
were observed as also shown by other studies (Hill et al., 1986, Arnold et al., 1992a, 
Garber et ai, 1992). In conflict, Vitamin E supplementation has been shown to improve 
the growth performance of cattle new to the feedlot environment (Lee et a/., 1985, 
Pehrson etal., 1991). 
Table 10.3. Animal dail~ wei~ht ~ain and carcass data (Means ± SE) 
Month DLWG(k~) MLC Conformation MLCFatness Cold wei~ht 
November 0.91± 0.04a 130±6.12a 71±8.57b,c,d 322.12±3.8c,d,e 
December 0.97±0.02a,b 103± 7.3Sb 44±7.14a 323.72±3.5d,e 
January 1.15± O.OSc 91±11.22b 66±7.14b,c 327.50± 3.0e 
February 1.00±0.03a,b,c 97± 7.3Sb 62±S.31 a,b 311.S2±S.7a,b,c 
April 1.03±0.osa,b,c 97± 12.0b S5±S.oc,d 314.86±5.5b,c,d 
May 1.04±0.04a,b,c 103± 7.3Sb 70±S.Ob,c,d 304.32± 2.8a,b 
June 1.17± 0.08c 8S± O.OOb 71 ±8.S7b,c,d 301.24±3.Sa 
Jul~ 1.12±0.09b,c 91± 6.00b 88± 6.44d 306.82±2.9a,b 
Means with the same superscript, within a column, do not differ significantly (p<0.05). 
DLWG: Average daily weight gain (300 kg to 550 kg) 
Temperature recorded in the deep leg and m.longissimus dorsi was approximately 12°C 
at 24 hours post-slaughter indicating that muscle fibres would not be cold shortened. 
Mean ultimate pH was S.48 (S.4S-S.S3) indicating none of the animals produced dark 
cutting meat. 
10.3.2. Shelf-life and meat quality studies 
10.3.2.1. Vitamin E concentrations 
Vitamin E concentrations for m.longissimus dorsi and psoas muscles are shown in 
Figure 10.2. 
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Figure 10.2. Mean (±s.e.m.) vitamin E values in m.longissimus dorsi and psoas steaks from beef animals fed with 
supranutritional vitamin E for different times 
10.0 11 • November 
December 
9.0 -\ I 
m January 
,,-.. 
~ February e.l 8.0 
-e.l ~ o April 
-
7.0 
Q • May 
r.. 









m.longissimus dorsi psoas 
muscles 
232 
Similar trends were evident in m.longissimus dorsi and psoas muscles, concentrations 
increasing significantly to a maximum in April (P<0.02 and P<O.OOI, respectively) when 
animals had been on the diet for the longest period and thereafter the values declined. 
Vitamin E concentrations in psoas muscles was higher than in m.longissimus dorsi. 
Most of the values in m.longissimus dorsi were around the value of 3.5 mglg shown by 
Faustman and Cassens (1989c) as being necessary for improving colour display life and 
reducing lipid oxidation in ground beef. They found no shelf life advantages beyond this 
figure. Analysing a larger set of data Arnold et al. (1993a) proposed concentrations of 
3.3 mglg for m.longissimus dorsi and 3.8 mglg in m.gluteous biceps, as the minimum 
concentration for a maximum suppression of metmyoglobin formation and lipid 
oxidation. Both these concentrations were exceeded in this study. 
10.3.2.2. Muscle lipid oxidation (TBARs) 
TBA values for m.longissimus dorsi muscles increased as displayed time increased 
(Figure 10.3.) and the differences between groups of animals were accentuated at the 
longer display times, with significantly lower values for April, May and June (P<0.05). 
November animals had significantly higher TBA values at day 4, day 8 and day 11 with 
low vitamin E concentrations. However, low TBA values were not always coincident 
with high vitamin E concentrations in m.longissimus dorsi. 
TBA values for psoas muscles are shown in Figure 10.4. after 4 days display. TBA 
values were lower in April, when vitamin E levels were highest (Figure 10.2.) although 
the differences in TBA values between months were not significant. It has been 
established in other work that feeding beef cattle high levels of additional vitamin E prior 
to Slaughter improves lipid and pigment stability, thus increasing the overall shelf-life of 
fresh beef (Arnold et al., 1992a, Arnold et al., 1993a, Arnold et al., 1993b, Faustman et 
al., 1989c), ground beef (Faustman et al., 1989a, Mitsumoto et ai., 1993) and frozen 
beef (Lanari et al., 1993). A trend in this direction occurred in this experiment although 
it was not marked probably because all the vitamin E levels observed were high. 
TBA values for the psoas muscles (0.358) were significantly higher (P<O.OOl) than 
those for the m.longissimus dorsi (0.245) on corresponding months after 4 days display 
although values for the m.longissimus dorsi (0.394) after 8 days display were very 
similar. In other words, the oxidative stability of m.longissimus dorsi was 4 days 
longer than psoas muscles according to TBA test values. In general, TBA values for the 
current study were lower than in previous beef and lamb studies in this study. 
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Figure 10.3. Mean TBA values in overwrapped beefm.longissimus dorsi steaks from animals fed with supranutritional 
vitamin E for different periods displayed for upto 15 days 
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Figure 10.4. Mean TBA values in overwrapped beef psoas steaks from animals fed 
" ith upranutritional vitamin E for different period di played for 4 days 
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10.3.2.3. Sensory quality analysis 
The influence of supplementation time on the eating quality of grilled beef steaks is 
shown in Table 10.4. and 10.5. Steaks were as essed in two group at different 
occasions (November to February samples were assessed first then the April to July 
samples. A direct compari on between the first four months (November to February) 
and the second four months (April to July) is not therefore possible. For the first four 
months (November to February) there was a significant supplementation time effect on 
"beef flavour", "flavour liking" and "overall liking", January and February samples 
having the lowest score for "beef flavour" and "flavour liking" (Table 10.4.). 
However, there was no significant upplementation time effect on any attributes in the 
second group (April to July). 
According to flavour profile (Table 10.5.), for the first four months (November to 
February) there was a significant treatment effect on "toughness", "juiciness", "livery" 
and "fatty/greasy", November sample having the highest scores for "toughness" and 
"juiciness". However, there was no significant effect on any attributes in the second four 
months (April to July). 
Overall, the data sugge ts that Vitamin E supplementation did not have any adverse 
effects on eating quality. 
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Table 10.4. Influence of vitamin E supplementation on the eating quality of grilled beef steaks in terms of Category Profile (5 animals per 
month). 
Values are the means derivedl!o~,!nlllysis o/variance with Diet and a§s~s~or as a/actor, panels are treated as a 'block structure'. 
November December January February April __ l\1~y_ June July 
Auributes Basal 28D+vitE 63D+vitE 10SD+vitE sed sig lS4D+vitE 35D-vitE 63D·vitE 98D·vitE sed sig 
Texture 4.58 4.66 4.78 4.94 0.210 ns 4.83 4.83 4.99 4.99 0.19 ns 
Juiciness 4.72 5.00 4.76 4.86 0.190 ns 4.67 4.82 4.69 4.72 0.11 os 
Beef Flavour 3.92b 3.96b 3.36a 3.66ab 0.213 * 3.76 3.57 3.63 3.59 0.24 os 
Abnormal flavour 3.10 3.04 3.50 2.98 0.225 ns 3.01 3.15 3.20 3.20 0.23 os 
Flavour liking 4.42b 4.40b 3.72a 4.20b 0.227 ** 4.18 4.13 3.97 4.05 0.24 os 
Overall liking 4.12ab 4.38b 3.80a 4.22ab 0.21 * 3.99 3.88 3.97 3.92 0.21 os 
Figures with the same superscript do not differ significantly at the 0.05 level of probability 
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Table 10.5. Influence of vitamin E supplementation on the eating quality of grilled beef steaks in tenns of Flavour Profile (5 animals per 
month). 
Values are the means derived from analysis o/variance with Diet and assessor as a/actor, f!.anels are treated as a 'block structure '. 
November December Januar~ February A2ril Ma~ June Jul~ 
Attributes Basal 28D+vitE 63D+vitE 105D+vitE sed si~ 154D+vitE 35D-vitE 63D-vitE 98D-vitE sed si~ 
Toughness 39.80b 39.70b 35.lOab 31.50a 3.250 * 35.1 37.8 32.4 33.9 3.10 ns 
Juiciness 41.86c 34.32ab 32.14a 35.22ab 2.670 ** 42.2 38.4 38.8 37.0 2.92 ns 
Beef Flavour 30.80 29.00 23.50 28.30 3.310 ns 26.6 27.3 25.4 28.3 3.28 ns 
Fatty/Greasy 19.20b 20.56b 12.52a 15.52ab 2.620 * 16.1 13.4 18.4 17.2 3.24 ns 
Bloody 8.90 11.32 6.54 5.78 2.603 ns 7.6 6.5 6.8 4.8 2.34 ns 
Livery 5.06ab 3.24a 6.92b 4.28ab 1.339 * 5.5 3.4 3.1 1.8 1.57 ns 
Metallic 10.64 7.84 10.60 11.44 2.446 ns 2.8 5.4 4.8 3.9 1.99 ns 
Bitter 4.86 3.68 5.44 4.30 1.265 ns 9.4 3.4 8.9 9.9 2.67 ns 
Sweet 9.68 9.44 9.88 10.48 1.404 ns 9.2 9.1 8.7 4.5 3.22 ns 
Rancid 7.54 5.72 4.58 6.84 2.278 nS 11.4 6.8 7.5 7.2 3.75 ns 
Fishy 1.92 2.00 1.40 0.50 1.104 ns 3.2 4.1 1.2 1.8 2.11 ns 
Acidic 10.30 9.78 7.84 8.84 1.730 ns 10.1 12.1 11.2 12.6 3.15 ns 
Cardboard 7.34 5.40 5.72 6.54 2.318 ns 4.1 5.7 6.8 7.8 2.48 ns 
Vegetable 4.60 6.38 3.70 5.90 1.523 ns 7.3 7.5 7.8 5.6 3.30 ns 
Overall liking 31.40 27.40 24.40 28.10 2.940 ns 21.8 25.8 24.3 26.3 3.44 ns 
Figures with the same superscript do not differ significantly at the 0.05 level of of probability 
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10.3.2.4. Colour evaluation 
Colour in overwrapped (OW) samples 
'Saturntion' and 'Hue' values for psoas and m.longissimus dorsi muscles are showed in 
Figures 10.5. to 10.8. 'Saturntion' values for both psoas and m.iongissimus dorsi 
muscles, declined over the 15 days di play period fr m an initial value of about 25 as 
shown in Figures 10.5. to 10.6. 
Figure 10.5. The saturation value upto 15 day of m.longi imus dorsi muscles from 40 
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Figure 10.6. The saturation values upto 12 days of psoas muscl~s from 40 animals 
fed with supranutritional vitamin E slaughtered at different months 
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Kanner et al. (1992) reported that meat colour shelf-life significantly reduced as lipid 
oxidation increased. However, in this work some samples (e.g. November, Figure 
10.5.) with high TBA values had good colour stability. Lanari et aI. (1995) also reported 
good colour tability despite high TBA values. 
'Hue' values were relatively constant over 8 days but than increased markedly so that by 
day 12 there were major differences between treatments, the steaks from December and 
May animals having the highest 'hue' values (Figures 10.7. and 10.8.). 
Figure 10.7. The hue values upto 15 days of m.1ongissimus dorsi muscles from 40 
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Figure 10.S. The hue values upto 12 days of p oas muscles from 40 animals fed 
with supranutritional vitamin E slaughtered at different months 
70 
--a-- ovember 65 • December 
60 • January 
55 0 February 




40 june 6 July 
35 
30 T :z: 
-
25 :r 
20 +. ii'l 'i' 'Iii "I i •• ' ii' Ii I i iiii iii 'I" iii iiii Iii 'ii' iii ,.' 1 i i 
o 1 2 3 4 5 6 7 8 9 10 11 12 
Days displayed 
239 
Lanari et al. (1994) howed that high tis ue level of vitamin E increased the 
deoxymyoglobin oxygenation rate and diminished the oxymyoglobin autoxidation rate 
thereby improving colour stability. Although samples collected in April had the highest 
levels of vitamin E as previou ly shown in Figure 10.2., these samples did not have the 
best colour tabiJity in compari on with other months. Moreover, samples from 
November had relatively low vitamin E concentration than the ones of April, but had 
better colour shelf-life. 
These results uggest that under nonnal circumstances, colour shelf-life in beef is 
determined by several factors which include the amount of a-tocopherol present in the 
steak, but this i not the only criteria, particularly when all vitamin E levels are high. 
Colour in modified atmosphere packed (MAP) samples 
'Saturation' and 'Hue' values for psoas and m.longissimus dorsi muscles are shown in 
Figures 10.9. to 10.12. 
The m.longissimus dorsi steaks from December group of animals had the shortest shelf-
life (about 9 days) , according to a minimum saturation value of 18.0 (Figure 10.9.). 
Figure 10.9. The saturation values upto 18 days of m.longissimus dorsi muscles from 4C 
animals fed with supranutritional vitamin E slaughtered at different months 
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Figure 10.10. The saturation values upto 18 days of psoas muscles from 40 animals fed 
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'Hue' values for psoas and m./ongissimus dorsi muscles were relatively constant over 10 
days but than increased markedly so that by day 15 there were major differences between 
treatments, the steaks from December animals having the highest 'hue' values (Figures 
10.11. and 10.12.). 
Figure 1 O.l1.The hue values upto 18 days of m.longissimus dorsi muscles from 40 
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Figure 10.12. The hue values upto 18 days of psoas muscles from 40 animals fed 
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For both muscles and both packing systems the shortest shelf-life was for the December 
animals which had low vitamin Elevels as shown in Figure 10.13. 
As expected, the colour shelf-life was 2 to 5 days shorter for the psoas muscle (average 
of 7.4 days in OW and 10 days in MAP), which is darker than the m.longissimus dorsi 
having average of 11 days in OW and 12.4 days in MAP, and in accordance with 
O'Keefe and Hood (1982) (Figure 10.13.). 
The colour heir-life was slightly longer (l to 3 days) when muscles were MA paGked. 
Moreover, the colour shelf-life of psoas muscles was extended greatly (average of 2.7 
days) when they have packed in MA. For example, as shown by the May samples, the 
shelf life difference between these two packing systems was 5 days to the advantage of 
MA packs for both muscles as shown in Figure 10.13. 
10.3.2.5. Microbiological analysis 
Microbiological tudies were conducted to detect whether or not beef cuts with an 
acceptable red colour were acceptable microbiologicalJy. The mean total viable counts at 
the end of colour helf-life (i.e. days 8 to 11) was 6.14 log cfu cm-2. There was no 
obviou trend relating microbial counts with vitamin E accumulation although Asghar et 
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al. (l991a), reported a higher microbiological growth in pork chops from vitamin E 
supplemented pigs over those from un-supplemented pigs during overwrap display at 
4°C and suggested that a possible reason was an increased water availability which 
subsequently stimulated bacterial growth, caused by the marked reduction in drip loss. 
In beef, it is known that vitamin E does not influence bacterial growth directly (Arnold et 
al., 1992b, Arnold et al., 1993a, Chan et al., 1995), but it is not known if the vitamin E 
effect on colour will overshadow microbial growth produced by abusive storage or 
prolonged shelf-life through modified atmosphere packaging (Smith et al., 1994). 
10.3.2.6. Drip loss 
Drip loss measurements made on deboning days or after 15 days conditioning are shown 
in Figures 10.14. and 10.15., respectively. 
As shown in Figure 10.14., psoas and m.longissimus dorsi steaks both show a similar 
trend, May animals with relatively high vitamin E levels having significantly higher drip 
losses (P<O.OOI). In contrast, aged psoas and m.longissimus dorsi steaks both had 
significantly lower drip losses in May animals (P<O.OOI) as shown in Figure 10.15. 
As previously mentioned, in the May group, one of the animals had (number 28) very 
high levels of vitamin E in m.longissimus dorsi steak which also had the lowest drip 
loss in aged steaks although it had the highest drip loss in non aged steaks. 
As shown in both Figures 10.14. and 10.15., m.longissimus dorsi steaks had higher 
drip losses than psoas steaks. 
In this study, vitamin E supplementation had no positive or negative effect on reducing 
drip loss during display from fresh meat in contrast with the works by Asghar et al. 
(1991b), Mitsumoto et al. (1995), Vega et al. (1994) and den Hertog-Meischke et al. 
(1997). 
Low drip losses were not always coincident with high vitamin E concentrations in both 
psoas and m.longissimus dorsi. Likewise, lipid oxidation and drip loss processes were 
not directly related since drip loss increased at a more rapid initial rate than lipid oxidation 
as also demonstrated by Monahan et al. (1994), who found there was a considerably 




Figu re 10.14. Drip I05S from m.longi ssim us dorsi and psoas muscles taken 48h post . mortem and measured after 4 days 
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Figure 10.15. Drip loss from m.longissimus dorsi and psoas muscles taken 48h post-mortem, aged in vacuum bags for ]5 days and 
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The average drip 10 c of aged and non-aged m.iongissimus dorsi and psoas steaks 
were not ignificantly different in all animals although the drip loss gradually but lightly 
increased during the whole experiment as shown in Figure 10.16. 
Figure 10.16. Averaged drip 10 es from aged and nonaged m.longissimus dorsi and 
p oas mu des measured after 4 days di play from 40 animals fed with 
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10.3.2.7. Muscle Fatty acid composition 
The fatty acid compo ilion of m.longissimus dorsi i shown in Table 10.6. (expressed in 
mg/1 g mu Ie and % of total fatty acids). As expected, the two major fatty acids were 
palmitic acid (C16:0) and oleic acid (CI8: In-9), accounting for approximately 27.4% and 
38.5% of total fatty acid , re pectively. 
The concentration of the saturated fatty acids, C12:0 (P<O.OI), C14:0 (P<O.OOI), C16:0 
(p<0.001) and CI:O (P<O.OOl) were significantly different, having higher 
concentration in July animal although a a proportion of total fatty acid, C16:0 was 
higher in November animal (P<0.05). 
The major trans fatly acid C18: 1 trans content was signjficantly higher in July animal 
compared to the No ember animals (P<O. 00 1) although there was no significant 
difference bet,,\-een th e two when expres ed as percentage of total fatty acids (Table 
10.6.). 
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Table 10.6. Fatty acid composition of m.longissimus dorsi muscle in Belgian Blue and Limousin steers (mean and standard 
error for 5 animals). 
(ms!100g muscle) % of total fatty acids 
Fatty acid November Jul~ sed si~ November Jul~ sed si~ 
C12:0 lauric 2.370 4.269 0.570 ** 0.0644 0.0607 0.006 ns 
C14:0 myristic 101 203 22.3 *** 2.84 2.97 0.207 ns 
C 16:0 palmitic 976 1884 214.3 *** 27.84 26.86 0.424 * 
C16:0 aid 20.02 20.13 1.585 ns 0.642 0.319 0.072 *** 
C16:1 164 301 33.0 *** 4.75 4.35 0.295 ns 
C 18:0 stearic 408 985 122.1 *** 11.43 13.93 0.627 *** 
C18:0ald 13.51 12.11 1.146 ns 0.433 0.198 0.051 *** 
C18:1 33.0 77.0 12.15 *** 0.891 1.058 0.094 ns 
CI8:1n-9 1316 2815 371.3 *** 37.66 39.31 1.044 ns 
CI8:1n-l1 50.5 89.9 9.07 *** 1.474 1.307 0.083 ns 
C 18 :2n-6 linoleic 94.3 114.0 14.30 ns 2.77 1.71 0.292 ** 
CI8:3n-3 a-linolenic 17.6 31.0 2.79 *** 0.517 0.459 0.038 ns 
C20:1 4.8 13.3 2.00 *** 0.139 0.185 0.016 ** 
C20:3n-6 9.08 10.05 0.568 ns 0.278 0.158 0.024 *** 
C20:4n-6 arachidonic 33.5 29.5 3.81 ns 1.027 0.468 0.106 *** 
C20:4n-3 2.29 3.37 0.286 *** 0.071 0.052 0.009 * 
C20:5n-3 (EPA) 7.60 10.87 0.676 *** 0.238 0.17 0.030 * 
C22:5n-3 (DPA) 16.83 22.52 1.135 *** 0.520 0.352 0.052 ** 
C22:6n-3 (DHA) 3.32 3.47 0.470 ns 0.1051 0.059 0.014 ** 
RFA 227 424 54.1 *** 6.32 6.03 0.29 ns 
SumFA 3501 7053 826.5 *** 94.21 94.37 0.290 ns 
Means with different superscripts in the same row are significantly different (p<0.05) 
ns P>0.05, *P<0.05, **P<O.Ol and ***P<O.OOI 
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The intramuscular concentration of CI8:3,,·3 wa .. aimo'l douhled 111 1111\ .1111111.,1 .. 
(P<O.OO I) although the proportion of total fatty aCid .. wa ... not dl.II1Jled 
The major fatty acids in the carbon C20 and C22 PUb\ were C20 4" () (",,,dllllonl\ 
acid) and C22:511-3 (docosapcntaenoic ilcidl. The l"IlI1n .. nlrallon of ('2() \11 (1 .lIId 
C20:4n-6 were reduced (p<O.OO I) in the July animals. All longl'r (hall1 , iI"~ .llld .. 
concentrations were higher in July animals although the proportion, of hllal tatty and, 
were higher in November animals (Table 10.6.). 
In general. the results show some effects of supplemcntallon time. on Ihe (IlnlTlllrallll"" 
and proportions of most of the fatty acids. However. thc\C cHCt'l' on Ihl' .... 011 .... ('1111.1110/1 .. 
and the proportions of fatty acids were generally against to ClK:h othcr. 
10.3.3. Conclusions 
The present study demonstrates animal and group variation in the occumulallol1 01 u 
tocopherol levels in beef. This variation wa~ related in a seven" way 10 Itl<.' period III 
supplementation. thus animals which had been on the diet for lhe lunge'l JlC'rlud had Ih(' 
highest a-tocopherol concentrations and thereafter the values dedmed. The lIIK"'pc((cd 
results in some months (January and June) are difficult to explain hUI could he- rd,ltcd 10 
the small size of the experimental groups, consisting of five anil11~lJ.; eadl ffow('\('r. Ih(' 
results are consistent with others who have shown uncle'lr effect' of tll,.:h !c,,'I, III 
supplementation above a certain concentnltion of vitamm E 111 rnu,dl' (hlll,IIIMII .111" 
Cassens, 1989); others have also noted that effects are dependent on Ihe h~l"ll dlel led 
(Vega et al., 1994). 
In genera). the study has demonstrated that feeding criticaJ levels of supplemcntal \'11.1111111 
E ha'i a positive and desirable effect on meat qualily and shelf·llfe lIow('V('r. the 
unexpected results seen in a few months (e .g. January and June) \Ccrn 10 he rcl"ll'd III 
concentrations in fresh muscle in excess of .lO mglg a-to(:ophcrol. Br('e~1 dl'krl'II~'l''' 
could also be important ali shown by Faustman and Cassens (I ()<) I) and Arnold 1" IJ/ 
( 1993b). 
The variation in a-tocopherol levels between different monlh.. did nol IIlfluef)(' the 
overall colour shelf-life and drip loss of beef steaks 111 a <..'on ... ,I(,111 w a~ hllthel 
experiments under more controlled conditions are reqUired 10 delCnllu\{' Ihc 1)()"lhk 







The main themes of this thesis concern the effects of dietary sources of unsaturated fatty 
acids on their deposition in muscle, the role of fatty acids in beef and lamb meat quality 
(particularly shelf-life and flavour), the effects of species and breed on fatty acid 
composition and meat quality and the role of vitamin E on meat quality. In this chapter 
the aim is to bring together the important conclusions from each of the experimental 
chapters, to identify important conclusions, to find any inconsistencies in the results and 
to suggest where further work is needed. 
A series of experiments was carried out, all involving diets differing in fatty acid 
composition, two trials involving beef (Chapter 8) and two involving sheep (Chapter 9). 
A further experiment examined the accumulation of vitamin E in beef (Chapter 10). 
11.1. The effects of dietary sources of unsaturated fatty acids 
on their deposition in muscle 
Most of the work involved four similar diets i.e. a control diet (with a low PUFA 
content), a linseed rich diet (high in CI8:3n-3), a fish oil diet (high in C20:5n-3 and 
C22:6n-3) and a diet combining linseed and fish oil. One experiment on lamb compared 
grass and concentrates. 
In general, the results show that dietary manipulation of ruminant diets can achieve a 
highly significant increase in the concentrations of nutritionally valuable n-3 PUFA in 
meat and help consumers to meet dietary recommendations. However, overall transfer 
from feed to muscle was low because there was extensive biohydrogenation of CI8:3n-
3, C20:5n-3 and C22:6n-3 in both studies from cattle and sheep as also reported by 
Doreau and Chilliard (1996), although biohydrogenation in sheep was lower, as also 
reported by Ashes et al. (1992). The results show that under most feeding conditions, 
lipid sources are extensively broken down in the rumen to more saturated fatty acids and 
other derivatives such as trans fatty acids. Various natural ways to protect CI8:3n-3 was 
tried, i.e. the intact seed coat, and formaldehyde treatment of whole linseed was also 
tested, which aimed to protect the linseed fatty acids from rumen microbes. An 
explanation for our results would be that the seed coat or formaldehyde treatment of 
linseed was not enough to totally protect the fat in the rumen. This is in contrast with the 
work reported by Ackerson and Johnson (1975) which showed that feeding protected oil 
seeds increased the intramuscular concentration of CI8:2n-6 from 1% to 14% in lambs 
and showed the extent to which the fatty acid composition of lamb muscle is amenable to 
manipulation. Most previous studies on protection of lipids (e.g. Scott et ai., 1971) have 
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used the liquid or extracted oil. Relatively few have reported successful protection of the 
intact seed coat and our own experience in this work has shown that the industrial 
processes used often produce variable results. In these studies the formaldehyde 
protected seeds were bruised during incorporation into the pellet and perhaps during this 
process the protected bonds were disrupted. 
Although biohydrogenation of PUFA was extensive, still some of the fatty acids passed 
through the rumen to the duodenum and caused the changes observed in muscles. 
However our results did not agree with the study conducted by Ashes et al. (1992) who 
revealed that C20:5n-3 and C22:6n-3 fatty acids in fish oil or fish meal, escape 
hydrogenation in cattle. The reasons for this lack of hydrogenation remain to be 
elucidated, but it is believed that probably their long carbon chains are unfamiliar to 
rumen enzymes. 
The animals fed the control diet had the highest level of C18:2n-6, whilst animals fed the 
linseed alone diet had higher levels than fish oil containing diets. This may be because an 
increase in longer chain n-3 PUFA in muscle phospholipid occurs at the expense of n-6 
PUFA or n-9 monounsaturated fatty acids as also reported by Ashes et al. (1992). 
Similar observations on the level of C 18:2n-6 were reported with feeding diets containing 
high levels of whole rapeseed, soybean meal and other cereal based diets (St John et ai., 
1987, Solomon et al., 1991, Lough et al., 1992) which are high in CI8:2n-6. 
In both the beef and lamb studies, supplementation with dietary linseed (either bruised or 
formaldehyde protected) greatly increased the quantity of CI8:3n-3 and other more 
de saturated and elongated fatty acids such as C20:5n-3 and C22:5n-3. Similar findings 
after feeding whole rapeseed were observed in the study of St John et al. (1987). So, 
supplementation of linseed can enhance the concentrations of C18:3n-3 as well as 
increase intramuscular content of C20:5n-3, C22:5n-3 and C22:6n-3 although the intact 
seed coat or formaldehyde protection had no big effect in protecting CI8:3n-3 as 
mentioned previously. 
The fish oil raised the concentration of C20:5n-3 and C22:6n-3 in all breeds and species 
compared to the control in accordance with other studies with poultry, pigs and cattle 
(Ratnayake et al., 1989, Morgan et al., 1992, Wonsil et al., 1994, Mandell et al., 1997, 
Cant et al., 1997, Mansbridge and Blake, 1997). This suggests that ruminants have an 
efficient conservation of dietary n-3 fatty acids and can incorporate them into muscle 
lipids (Reid and Husbands, 1985). 
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The combined linseed plus fish oil mixed treatment raised CI8:3n-3, C20:5n-3 and 
C22:6n-3 synthesis to a high level. This suggests that if ruminant meats with really high 
levels of both CI8:3n-3 and longer chain n-3 PUFA are to be produced, some pre-
formed C20-22 fatty acids are needed in the diet. As fish stocks are depleted in the world 
it is unlikely that fish oil can provide these. Perhaps marine algae would be a more 
sustainable source. 
The results indicate greater increments for PUFA intake particularly C20:5n-3 and 
C22:6n-3 between control and high PUFA diets in sheep than beef possibly associated 
with a decline in rumen efficiency when dietary PUFA levels were increased in the beef 
cattle. As a result, the uptake of C20 and C22 PUF A from the test diets was higher in 
lamb than in beef. Other published reports e.g. Enser et al. (1996) show higher PUFA 
levels in commercially produced lamb than beef. 
While some long chain PUFA escape biohydrogenation and was incorporated into the 
muscle tissues, it is clear that most did not. Saturation and chain shortening, especially of 
CI8:3n-3 results in various breakdown products such as CI8:2n-6, Cl8:1trans, C18:0. 
Other people have shown higher Cl8:1trans in both beef and lamb fed diets with added 
PUFA sources, due to a high level of biohydrogenation of CI8:3n-3 some of which is 
incomplete and does not proceed to C18:0 as also reported by Mansbridge and Blake 
(1997). 
The observed increases in muscle PUFA are however contrary to studies on sheep 
(Solomon et al., 1991, Lough et al., 1992) and steers (Rule and Beitz, 1986, St. John et 
al., 1987, Ekeren et al., 1992) in which muscle PUFA levels were not increased when 
oilseeds were supplemented to the diets. There is no obvious explanation for these 
conflicting results. Our data show clearly that the PUF A content of ruminant meats can 
be changed by feeding oilseeds, however small the change. There may also have been 
other differences between these studies, e.g. in the amount of dietary fat used and the 
duration of feeding. 
In the case of the study of fatty acid composition and meat quality in lambs from 4 breed 
x production system groups, meat from lambs fed grass accumulated higher 
concentrations of n-3 fatty acids than lambs fed concentrates which was also 
demonstrated for beef by Rumsey et al. (1972) and Marmer et al. (1984). This is 
because the grass has a relatively high CI8:3n-3 content some of which escapes 
biohydrogenation and is incorporated into muscle tissues. However, the relative 
proportion of C18:3n-3 was greater when the lambs were fed the linseed diet (3.6% of 
total fatty acids on average) than in the grass fed lambs in the survey trial (2.4% of total 
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fatty acids on average). This is probably because the amount of CI8:3n-3 eaten from 
linseed exceeded that from grass. We do not know whether the availability of C 18:3n-3 
from linseed is greater than that from grass. This should be the subject of future work. 
The changes in fatty acid composition due to diet were similar in the different muscles, 
I.e. In m.semimembranosus and m.longissimus dorsi. However, the 
m.semimembranosus had higher levels of the long chain PUFA whilst the m.longissimus 
dorsi had higher percentages of the major saturated fatty acids (i.e. C 16:0 and C 18 :0), 
monounsaturated fatty acids (i.e. CI8:1n-9) and Cl8:1trans than in 
m.semimembranosus. This is probably explained by redder muscles such as 
m.semimembranosus having a higher concentration of phospholipids and therefore of 
PUF A (Turkki and Campbell, 1967). 
Nutritional indices 
p:s ratio 
The P:S ratio was increased in both lamb and beef fed dietary linseed and fish oil diets 
compared to the animals fed the control diet, although in beef it was lower than that 
reported for typical retail beef in UK (Enser, 1996) and fish meal supplemented 
Charolois steers (Mandell et aI., 1997). Likewise, the results in general, in both lamb 
and beef, had unfavourably low P:S ratio according to Department of Health (1994). 
This suggests that biohydrogenation of PUF A was high in the rumen in all treatments and 
illustrates the difficulties of improving P:S ratios in ruminants. However meat from these 
animals was valuable as a source of n-3 fatty acids in the human diet. 
It is the P:S ratio in the diet as a whole which is significant rather than that in individual 
foods such as meat and it can be argued that people can readily offset deficiencies in the 
meat component somehow by decreasing the intakes of other significant and readily 
available sources of saturated fatty acids or by increasing the intake of other PUF A 
sources in the diet. 
n-6:n-3 ratio 
The n-6:n-3 ratio was beneficially decreased by linseed and fish oil diets in both lamb and 
beef and both ratios were within the recommended ratio of less than 2.0. As also pointed 
out by Gregory et al. (1990) and Enser et al. (1996), it is an important advantage which 
can offset the low P:S ratio because ruminant meats and oily fish are the only significant 
sources of preformed C20 and C22 PUF A in the diet. 
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11.2. The role of fatty acids in beef and lamb meat quality. 
In addition to improving the healthiness of ruminant meats, a major aim of this thesis was 
to conduct a detailed investigation of the effects of raised PUF A levels on carcass and 
meat quality as assessed by carcass fat levels, the rate of lipid oxidation, colour 
deterioration during storage, drip loss and flavour profile as assessed by the trained 
sensory panel. 
The changes in fatty acid composition affected shelf-life as determined by lipid oxidative 
stability and colour but, except in the case of fish oil alone, did not impact negatively on 
flavour. The meat produced using linseed and fish oil would make an important 
nutritional contribution to the diet of consumers without adverse effects on shelf life or 
flavour. However, fish oil supplementation must be limited or more vitamin E fed to 
prevent a reduction in oxidative and colour shelf-life. 
11.2.1. Live weight gain and carcass quality 
The aim of the work was to modify the fatty acid composition of muscle by modifying 
the diet. Clearly, it is important that these dietary changes do not have a deleterious effect 
on food intake, live weight gain or carcass characteristics. 
Dietary supplementation with long-chain polyunsaturated fatty acids did not have any 
effects on live weight gain in the different cattle breeds (Charolais x Friesian, Friesian x 
Holstein cross steers and Welsh Black). However, there was a dietary effect on live 
weight gain in the sheep studies although the effect was small. The fish oil diet resulted 
in a lower food intake and resulted in higher fatness scores. Other workers have also 
found similar effects of fish oil on food intake (Kowalczyk et al., 1977, Ikwuegbu and 
Sutton, 1982, Mandell et al., 1997 and ChiIliard and Doreau, 1997) and fatness scores 
(Comerford et al., 1992). 
11.2.2. Lipid oxidation 
Fatty acids with more double bonds, e.g. CI8:3n-3 compared with C18:0 or C18: 1, are 
more susceptible to oxidation and in meat products this may lead to oxidative rancidity 
during conditioning or storage. It was observed in the work that as n-3 PUFA levels in 
meat increased, greater oxidative changes occurred as indicated by raised TBA values 
(Kombust and Mavis, 1980, Arakawa and Sagai, 1986). 
Of the three diets having the raised PUFA levels, the fish oil diet gave the highest TBA 
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values, indicating a potential rancidity problem (Kurt et al., 1998). The combined diet, 
linseed plus fish oil, also gave relatively high TBA values although usually less than the 
value of 1.0, which indicates good acceptability of meat (Younathan and Watts, 1959). 
The differences were therefore unlikely to be detected by consumers. TBA values for the 
linseed diet were similar to the control so no excessive oxidation of CI8:3n-3 was 
observed. 
Regarding the stability of different muscles to lipid oxidation, the lamb studies 
demonstrated that the m.semitendinosus muscle was more stable than the 
m.semimembranosus muscle, presumably because of the lower phospholipid and PUFA 
content in the more stable muscle. In the beef study, lipid oxidation were higher in psoas 
than in m.iongissimus dorsi which is in accordance with the study reported by Anton et 
al. (1993). 
As expected, the steaks aged for 10 days had higher TBA values than those aged for 6 
days. As display time increased, oxidation proceeded increasingly quickly. 
11.2.3. Colour 
The work investigated the effect of several factors: diet, packaging type, muscle type and 
ageing period on colour shelf life. 
As might be expected, the fish oil diet gave the shortest colour shelf life due to increased 
lipid oxidation (Kanner et al., 1992). The linseed diet did not shorten the colour shelf life 
which was often as good as the control and sometimes better. This is in agreement with 
the effects of linseed on lipid oxidation and may possibly be due to high tocopherol levels 
in linseed (Kurt et al., 1998). 
The colour shelf life was also markedly influenced by the type of packaging and the 
period of ageing, with MAP giving a longer shelf life than overwrapping which allows 
oxygen uptake. 
As with lipid oxidation, meat aged for 6 days had a longer shelf life than that aged 10 
days. 
The work also illustrated differences between psoas and m.longissimus dorsi in terms of 
colour stability, the m.longissimus dorsi being more stable. In the lamb work, where the 
colour of three different muscles (SM, GB, ST) was measured, the colour stability was in 
the order ST > GB > SM, which is the order of decreasing redness. 
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Although the effects of vitamin E observed in the work were not large there was a positive 
effect on colour. Likewise, Lanari et al. (1994) showed that high tissue levels of vitamin 
E increased the deoxymyoglobin oxygenation rate and diminished the oxymyoglobin 
autoxidation rate thereby improving colour stability. 
11.2.4. Drip loss 
Measurements made in the beef trial indicated that drip loss was lower in animals fed the 
linseed diet compare with animals on the other diets. The effect was small but may be 
important economically since meat is sold on a weight basis. 
This effect could be due to the tocopherol content in linseed. Other authors have also 
found reduced drip due to vitamin E supplementation (Vega et al., 1994). However, 
there was no clear trend between drip loss and vitamin E content in the vitamin E 
accumulation study, infact, in contrast to Arnold et al. (1992), the dietary supplementation 
with vitamin E at high levels was not effective in reducing drip loss. 
11.2.5. Sensory 
A trained sensory panel was used to investigate the effects of diet on eating quality, 
especially flavour. 
The work demonstrated clear effects of diet on the flavour of beef and lamb. For both 
beef and lamb, the fish oil diet gave relatively high scores for the descriptors "fishy" and 
"rancid". This diet also resulted in the lowest score for "overall liking" (Enser et al., 
1997 and Kurt et al., 1998). On the other hand the animals fed the linseed diet had the 
highest scores for "flavour intensity" and "overall liking". These results are consistent 
with those for lipid oxidation. 
The linseed plus fish oil mix diet did not have any negative effect on flavour attributes. 
The possible explanation would be that linseed suppresses the fish oil negative effects. 
In the one trial in which lambs were fed grass or concentrates, the grass feeding 
improved "lamb flavour" and increased the "overall liking" score of grilled lamb (except 
in Soays). In contrast, concentrate feeding increased scores for abnormal flavours. This 
presumably reflects differences between the diets in muscle n-3 and n-6 PUFA 
concentrations (Enser et al., 1998). 
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11.2.6. Flavour volatiles 
As the PUFA content of muscles was increased by diet the quantities of lipid-derived 
volatiles generated during cooking also increased. In particular aldehydes, hydrocarbons. 
ketones and alcohols increased in both the beef and lamb studies and more complex 
compounds were produced such as sulphur-containing thiazoles and thiazoIines. Some 
of these more complex compounds are the products of reactions between lipid 
degradation products and the products of the Maillard reaction between carbohydrates and 
proteins (Elmore et al., 1999). 
Fish oil, being more unsaturated, produced the biggest effects but linseed also had the 
effects of raising lipid-derived volatiles. The long chain n-3 PUFA were particularly high 
in muscle phospholipids and these have been shown by Ashes et al. (1992) to be 
particulaly important for flavour development (Mottram and Edwards, 1983). 
The PUF A supplements appeared to have bigger effects on flavour volatile production in 
beef than lamb. However in neither was there a clear association between the production 
of volatiles on the one hand and taste panel responses on the other. It seems that the 
threshold for sensory responses is very high for some of these compounds so big 
changes in volatiles did not produce big changes in taste panel scores. 
Overall, the work has shown that the fatty acid composition of ruminants meat can be 
improved in tenns of its n-3 content and the n-6:n-3 ratio. This can be achieved either by 
feeding the diet rich in CI8:3n-3 the precursor for in vivo synthesis of C20 and C22n-3 
PUFA or by using fish oil supplemented diet containing prefonned C20 and C22n-3 
PUFA. However, because fish oil supplements can result in lipid oxidation and off 
flavours at relatively low levels of supplementation, it is preferable to use a linseed rich 
diet or a combination of linseed and fish oil which can still improve the fatty acid 
composition without impairing eating quality or reducing shelf life. 
11.3. The effects of breed on animal growth, carcass quality, 
fatty acid composition and meat quality 
Although the main purpose of the work was to investigate the influence of diet, the work 
shows clear breed effects in tenns of animal growth, carcass quality, fatty acid 
composition, meat quality and flavour characteristics. 
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The daily live weight gain in cattle was higher in the Charolais x Friesian breed than 
Friesian x Holstein and Welsh Blacks, respectively. So, Welsh Blacks ate less food and 
grew more slowly than Charolais x Friesian and Friesian x Holstein cross steers. 
Likewise, the daily live weight gain in sheep breeds was highest in Suffolks and lowest 
in Soays. To a large extent these differences reflect differences in mature size between 
the breeds. 
Breed differences in fatness were also related mainly to differences in mature weight. 
For example, the large Friesian x Holsteins were less fat than the small Welsh Blacks. 
The Charolais x Friesian is also a large lean breed but the results show how these can 
become fat under intensive feeding conditions. The Soays were a small breed which 
remained very lean. 
Conformation is a specific breed characteristic reflecting breed type. The modem beef 
breed Charolais x Friesian had the "best" conformation, and the extreme dairy breed 
Holstein cross the "worst". In the sheep breeds the Suffolks had much blockier 
conformation, i.e. thicker muscles and more rounded hindquarters, than the Welsh 
Mountain and particularly the Soay. The Soay stood out as being a very small lean breed 
with poor conformation. 
Regarding the differences in fatty acid composition between three cattle (Welsh Black, 
Friesian x Holstein and Charolais x Friesian) and four sheep (Soay, Suffolk, Welsh 
Mountain and Friesland) breeds, the beef trials showed that Welsh Blacks had higher 
concentrations of n-3 PUFAs on a percentage basis (e.g. CI8:3n-3, C20:5n-3 and 
C22:6n-3) than the Friesian x Holstein and Charolais x Friesian steers. This was partly 
due to lower fat content in muscle but also due to higher C20:5n-3 and C22:6n-3 levels in 
phospholipids. Further enrichment of n-3 in beef seems possible, since the deposition of 
C20:5n-3 in Japanese (Koizumi et al., 1991) and Australia (Mitchell et al., 1991) cattle 
exceeds combined C20:5n-3 and C22:6n-3Ievels in this study. Soays also had low lipid 
levels in muscle and a high n-3 PUFA content. An understanding of the underlying 
reasons for the greater deposition of n-3 PUFA in these lean breeds may provide a better 
way to control and modify n-3 PUFA deposition. For example, the results for Soays 
suggests a more efficient conservation, uptake and incorporation of PUF A by this breed. 
However, linseed and fish oil supplementation removed most of the advantages of the 
Soay, with the Suffolk lambs having the largest increase in deposition of C20:5n-3 and 
C22:6n-3 when fed the fish oil diet. As also reported by St. John et al. (1991) this 
difference may partly explain why breeds with a higher propensity to gain weight as fat 
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exhibit greater rates of fatty acid desaturation and elongation. The other explanation could 
be that Suffolks and Frieslands require higher essential fatty acid levels than Soays. But 
in the absence of knowledge of factors regulating fatty acid composition, there is no 
readily available explanation of the observed differences. 
As far as meat quality is concerned, the breed effects on fatty acid composition were also 
reflected in tenns of oxidative stability and colour shelf life. For example, shelf life 
judged by lipid oxidation and colour change was shorter in the Welsh Black with its more 
unsaturated lipid than in Friesian x Holstein. This effect was particularly marked in Soay 
sheep, where the colour saturation declined most and lipid oxidation increased most. 
The sensory results showed only minor differences between the beef breeds. However, 
among the sheep breeds, the Soays (a primitive lean breed) had very unusual flavour 
scores while Suffolks had the best flavour and overall liking scores. In the survey of 
lamb breeds produced in different systems the Soays stood out. They had been produced 
on grass and so had high n-3 PUFA levels but they also had high C18:2 levels reflecting 
their high phospholipid concentration. This put their sensory scores onto a similar range 
as Suffolks fed concentrates. 
Regarding the effect of breeds on volatile compounds, in the lamb study, although 
qualitatively the changes were similar in both breeds, the effect of the increased in PUF A 
content by diet was more obvious in the Suffolks than Soays. 
Overall, the results suggest that dietary factors are more effective than genetic factors in 
determining the fatty acid composition of ruminants. However, understanding the 
reasons for the greater deposition of n-3 PUFA in Soays on the control diet may offer the 
chance to modify other lamb breeds. Likewise, the meat from Friesian x Holstein 
animals fed linseed containing diets would make an important nutritional contribution to 
the diet of consumers together with protected oxidative stability, flavour characteristics 
and improved colour shelf-life attributes. 
11.4. The role of vitamin E in red meat quality 
This study investigated the accumulation of vitamin E in muscle from a typical commercial 
diet and followed its disappearance after withdrawal of the vitamin E. The study 
demonstrated variation in the accumulation of a-tocopherol levels in beef which has been 
seen in other work. 
Supplementing cattle with vitamin E increased the a-tocopherol concentrations of psoas 
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and m.longissimus dorsi muscles and improved lipid stability as also reported by 
Faustman et al. (1989a,b), Hill et al. (1990), Arnold et al. (1992a), Liu et al. (1992), 
Garber et al. (1992), Arnold et al. (1993a). However, vitamin E concentrations and TBA 
values did not follow a very consistent trend as also found by Vega et al. (unpublished 
data) and there was high variation between individual animals and groups. 
The intake of a-tocopherol acetate in these animals was as high as the critical levels 
considered by some authors. 
Arnold et al. (1993a) and Lanari et al. (1996) have both shown that the critical factor in 
order to improve shelf-life is supplementation with at least 500 mg/animal/day a-
tocopherol acetate for 134 days or to obtain a-tocopherol level in the muscle of 
approximately 3.0 to 3.7J.lg/g (Faustman et al., 1989a). This was achieved with 2000 
mg/day a-tocopherol acetate within 28 days in this study. 
Likewise, the critical a-tocopherol level in the muscles remained high even 98 days after 
withdrawal following the supplementation with 2000 mg/day a-tocopherol acetate for 154 
days. We therefore had higher vitamin E levels than many other studies and shelf lives 
were generally very high. 
The vitamin E concentrations in m.iongissimus dorsi were not always coincident with the 
time the cattle had been on the diet. In this study the cattle were given the vitamin E 
supplement as part of a concentrate mix twice each day but only 2.5 kg supplement per 
animal was allowed. There was probably great competition between animals for the 
concentrate and it is possible that some cattle did not take much of the vitamin. It is also 
clear from other studies in the literature that vitamin E absorption and deposition is 
variable and is affected by the type of diet fed (Weber, 1981, Witting, 1974). 
This study verified that muscles within the same carcass can have substantially different 
myoglobin formation and lipid oxidation, and showed that lipid oxidation was higher in 
psoas than in m.longissimus dorsi which agrees with the studies by Rhee et al. (1988), 
Anton et al. (1993) and Lanari et al. (1996). Hence, discoloration rate differed among 
muscles, although a-tocopherol concentrations were higher in psoas than in 
m.longissimus dorsi (Chan et al., 1995), psoas steaks tended to discolour faster, which 
are darker than m.longissimus dorsi in accordance with O'Keefe and Hood (1982). 
Lanari et al. ( 1994) showed that high tissue levels of vitamin E increased the 
deoxymyoglobin oxygenation rate and diminished the oxymyoglobin autoxidation rate 
thereby improving colour stability. This explains why the December group which were 
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fed with 2000 mg/day a-tocopherol acetate for the shortest period, 28 days, had low 
vitamin E levels and had the shortest shelf-life for both muscles and both packing 
systems. Likewise, the steaks collected in April, following the longest period of 
supplementation with 2000 mg/day a-tocopherol acetate for 154 days, had the highest a-
tocopherol levels as previously reported. However, these samples did not have the best 
colour stability during display in comparison with other months. Other authors have also 
reported lack of clear association between vitamin E level and colour stability which 
agrees with the study from Hill et al. (1993) and Williams et al. (1993). This suggests 
that the mechanism of colour stability in sirloin from supplemented animals is still 
unknown as also pointed by Faustman and Cassens (1991) although, enzymatic 
metmyoglobin reduction is believed to be the important point for maintenance of fresh 
meat colour (Faustman et al., 1988). 
Although meat colour shelf-life has been shown to be significantly reduced as lipid 
oxidation increases in some studies (Kanner et al., 1992), the possibility of having 
relatively low vitamin E concentrations, high TBA values and good colour stability, as 
seen during November, has been also reported previously by Lanari et al. (1995). These 
results suggest that under normal circumstances, colour shelf-life in beef is determined by 
several factors (individual animal differences, displaying conditions, such as light, 
handling, air contamination, material and methodology of packing and colour 
measurement) as well as the amount of a-tocopherol present in the steak, but this is not 
the only factor. 
The unexpected variation in some months may also be explained by the study of Arnold et 
al. (1992) study which showed levels higher than the critical level did not significantly 
improve the a-tocopherol effect on lihelf-life. There may also have been breed effects. A 
breed effect on muscle deposition of vitamin E was reported by Faustman and Cassens 
(1991) who demonstrated that Holstein steers accumulate higher levels of vitamin Ethan 
beef-breed steers. We did not have an extreme breed contrast in this trial. It seems 
unlikely than Limousin and Belgian Blue animals would differ very much in vitamin E 
metabolism. 
In this study, vitamin E supplementation did not have a positive effect on reducing drip 
loss during display from fresh meat which agrees with the study reported by Jensen et al. 
(1997). The possible reduction on drip loss by supplementing with vitamin E has been 
previously studied by several researchers in cattle (Faustman et al., 1989c, Monahan et 
al., 1994, Vega et al., 1994, Mitsumoto et al., 1995, Hertog-Meischke et al., 1997, 
Mitsumoto et al., 1998) and pork (Asghar et al., 1991b, Cheha et al., 1995). In these 
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studies the possible effect of vitamin E supplementation on drip loss has been 
controversial. Whilst some researchers have found a significant reduction on drip 
(Ashgar et al., 1991 b, Faustman et al., 1989c, Monahan et al., 1994), some others have 
reported that the effect was present only in some muscles but not in others (Hertog-
Meischke et al., 1997, Mitsumoto et al., 1998, Cheha et al., 1995). 
Vitamin E supplementation also did not significantly alter the sensory characteristics 
which agrees with the study reported by Arnold et al. (1992) and Arnold et al. (1993). 
Several studies have provided controversial information regarding the role of vitamin E in 
augmenting performance in cattle. In agreement with our study, Hill et al. (1986), Arnold 
et al. (1992) and Gaber et al. (1992) have shown no beneficial effects of vitamin E on 
growth perfonnance and carcass characteristics in beef or veal (Abgoola et al., 1988) 
although Perhson et al. (1991) and Lee et al. (1985) both reported that supplementing 
cattle with vitamin E did have an effect on growth performance. 
Overall the work showed that vitamin E was increased in muscles as time on 
supplemented feed increased and some expected findings such as a general improvement 
in shelf life occurred. However, the effects were very variable and it is unlikely that the 
benefits observed were cost effective. These results were probably related to high 
individual variability in animal intake and absorption for reasons which are not fully 
understood and to the fact that basal levels in the diet and muscles of all cattle were higher 
than levels below which problems of low shelf life are seen. At Bristol we have observed 
these effects of diet before. For example Vega et al. (1994) with "barley beef' cattle 
found a high uptake of vitamin E and very long shelf life in supplemented cattle. 
However, subsequent work involving grass feeding showed more variable responses. 
The basal diet fed obviously has an important effect. 
The natural intake of vitamin E from the diet should be considered, in order to achieve 
significant improvements in beef shelf-life by supplementing with vitamin E. Further 
research is required to assess the relative importance of feeding higher doses of vitamin E 
to cattle fed mainly fresh or conserved forages, than those used here, to further improve 
the overall shelf-life and sensory characteristics of beef reared on grass based systems 
which are common in the UK. 
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